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WELCOME

Colonel Tilford C. Creel
Commander and Director

U.S. Army Engineer Waterways Experiment Station
Vicksburg. Mississippi

It is my pleasure to welcome you today on behalf of the these efforts we worked closely with the Naval Ordnance
Defense Nuclear Agency and the U.S. Army Engineer Water- Laboratory, the Air Force Weapons Laboratory, and Holmes
ways Experiment Station, who are co-hosts for this 52nd & Narver, Inc., of Los Angules, CA. We also became involved
Shock and Vibration Symposium. in soil dynamics and the nucleus of engine s for this effort

was from the Soils Laboratory. We were fortunate to have
Fifty-two (52) is also the number of yam the WES has availbe talented people to addrosm these new problems. The

been in existence; in 1929 the Waterways Experiment Sta. Director of WES in 1952 was Lt. Gen. Carroll H. DMnn, who
tion was born and its mission was to conduct hydrauiic later became the Director of DNA. We value our close& mo-
model studies aimed at making predictions so that flooding clation with DNA and hope it will continue.
along the Miadasipi River could be controlled. In the be.
ginning the engineering field of interest was hydraulics, Today we read in newspapers or hear over TV the con-
which has been expanded over the yeam to include soils cern of protecting missile silos to overpressres in exceas of
and foundations. concrete, flexible pavements, weapons 1000's of psi. In 1955 the weapons effects community talked
effects, mobility, environmental effects, geology, terrain about getting into the very high overpresare region of 200 psi.
analysis, soil dynamics, rock mechanics, and structurts. We Theenvironment ofIntwes has certainly become moe severe
have four laboratores to conduct our current mission, to my the last, and the design of systems to resit thes
Thes we the Hydraulics, Geotechnicel, Environmental, and hostile environments is a real challem . In our endeavors we
the Structures Laboratories. In recant years, it has been the have been not only keenly aware of the loading and response
people in the Structures Laboratory who have had the of system but also the importance of shock and vibration
closest amociation with the Defense Nuclear Agency. Our effects. As an example, I remember reading a repor about
friendship tMcee beck through the time when the DNA was an aboveground reinforced concrete cubicle that was sub-
the Defense Atomic Support Agency (DASA) to the time jected to airbiast gsnate by a nuclear detonation. The
when the organisation was known a the Armed Forces investigator stated the box successfually withstood the ir-
Special Weapons Project (AFSWP). pond loads - only a few hairline cracks wene oserved; the

structure was distreased little. The he want on to my. "How-
The initial effort, when DNA was AFUIW, began in ever, the cubicle was displaced 70 feet from its originalpoi-

1951 when we were tasked to conduct an investigtion to tion." I am not m that I would have enjoyed a ride in that
determine wate wave heights and water shock loads caused strueture or the opportunity to lan first hand about its
by underwater explosions. At that time it was believed the internal shock and vibration levels.
way to dimupt this country would be to drop a nuclear bomb
in our waterways. The resulting crater would create a Imle Most of you we aware that the Corps of Engineer
lip wround the periphery which would either elos up ports conducts both military and civil work and WES conducts
or dam out mao atrawm. resultig in extensive flooding r eeAch In both the arenas. A helthy aspect of this dual
and bringing naviption to a halt. The beginning was a natunal effort is that we are able to apply technology developed for
since WES had a hydraulic laboratory and a superb insdru- military purposes and apply it for civil purposes and vice
mentatin group- consequently, the first reerch toms at vane. In one study, before breching a model concrete gravity
WES to do work for DNA w-s formed from a nucleus of rch dam, we conducted extensive vibration te a4 sub-
hydraulic engineers and instrumentation specialists. Our jected te mode to simulated ertiqake motions.
efforts wer extended to include underwater cratering and
the response of gravity dams to wate shock loadinp. Our We were not ivm permission to breach the prototype
feet experience in a full scale nuclear test occurred in but we were al to conduct vibration test and succeasfully
1956-57 during Operation PLUMBDOB when we tested correlated the t wponse of the prototype and model through
below ground structures to the effects of blMt and shock this technique. In this study the effect of an earthquake on
from an aboveground burst, such a dam was determined - a civil problem; also, the mini-

mum amount of eplosive in the resvor at the right place
We were also involved in the underwater detonations to cwes the dem to brIk wam determined - a military

of this Operation HARDTACK series conducted in the problem.
Marshall Islnds during 1968. Specifically. we analysed struc-
turns remaining from the GREENHIOUSE seies of tests For the past 10 yeas we have been conducting studim
and measured wate. shock in deep and shallow wme. In to define the eefleld environment s wel a tests of blast
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effects on structures, both buried and above ground, to deter- when you have a chance. It has been my pleasure to welcome
mine their vulnerability to nuclear and conventional weapons all of you on behalf of DNA and WES and I certainly hope
effects. Such tests have been conducted with small charges that your visit will be interesting. After reviewing the lt of
(up to 800 Ib) in test basins located near Vicksburg, with speakers and subjects for discussion, I am sure it will be. A
charges up to 5 tons at Fort Polk, LA; Fort Campbell, KY; number of our Project Investigators are on the technical pro-
and Camp Shelby, MS. We have also participated in almost gram and you will be hearing more about our efforts from
every major field test sponsored by DNA. them. Also, I hope you have a good time and are able to

enjoy New Orleans.
I would like to remind you that WES is about 220 miles

up river from here, and I invite you to come visit with us

2
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KEYNOTE ADDRESS

Dr. Marvin Atkins
Director, Offensive and Space Systems, OUSDRE (8455)

Department of Defense
Washington, DC

It is a pleasure and a privilege to be able to address the program leading to a communications and control system
Shock and Vibration Symposium. For my topic this morning, that would endure for an extended period beyond the first
I have chosen to discuss the new strategic Forces Moderniza- nuclear attack.
tion Plan which was announced by the President on October
2nd. This is an integrated plan for improvement of all of our
strategic forces - C3 , Bombers, SLBM's, ICBM's and strategic BOMBER FORCES
defenses - which will affect the defense posture of the United
States well into the next century. This plan will affect all of There is a general consensus on the need for new stra-
us here in our lives as citizens, and will directly affect many tegic bombers to replace our aging B-52 force. We therefore
of the people in this Symposium because they will be doing plan on developing a variant of the B-1 bomber, the B-1B,
important technical work which is vital in bringing this plan and will deploy 100 aircraft with the first squadron opera.
to fruition. tional in 1986. We will also continue a vigorous research and

development program for an Advanced Technology Bomber
(ATB), incorporating "stealth" technology, for deployment

COMMUNICATIONS AND CONTROL SYSTEMS in the 1990's.

Strategic communications and control systems are essen- Our two-bomber program is considered to be a reason.
tial to the effective employment of our nuclear forces and, able approach to ensuring the continued viability of our stra-
therefore, to the credible deterrence. Our modernization of tegic bomber force. The B-lB will restore our ability to pene-
these systems in the past has not provided systems with the trate Soviet air defenses during the critical period of the
requisite survivability and reliability to operate over an ex- 1980's and will make a good cruise missile carrier and con-
tended period after a Soviet attack, if that proved to be nec- ventional bomber after the ATB is deployed and all B-52's
essary. We need communications and control systems which are retired in the 1990's. The ATB will provide us with high
will be as strong as the nuclear systems they support. This confidence that our strategic bomber force will continue to
requires enhanced warning and attack assessment, mobile have the ability to penetrate Soviet air defenses into the next
command centers that could survive an initial attack, and sur. century.
vivable communications links. In the near-term we will im-
prove the survivability, performance, and coverage of radars Building the B-1B now will allow time to resolve tech-
and satellites used to warn us of a Soviet missile attack and nical and operational uncertainties associated with the ATB
asses its size and scope including deployment of mobile without undue pressures to acquire this bomber as soon as
pround terminal, upgraded survivability and improved caps- possible. The B-1B will help to bolster our strategic TRIAD
bilities for our warning satellites, and the deployment of ad- in the 1980's while we take steps to strengthen our land-
ditional PAVE PAWS surveillance radars. We will upgrade the based missiles. We cannot afford to wait until the ATB be-
survivability and capability of command centers that would comes available. Finally, building two bombers will stimulate
direct US. strategic forces during a nuclear war including the competition and provide us the flexibility to adjust bomber
deployment of E4B airborne command posts to serve the procurement depending on future strategic needs.
National Command Authorities in time of war, and enhanc-
ing the C-135 airborne command posts serving military com- In the near-term we will modify our newer B-52's (G
manders through the installation of upgraded satellite and and H models) to carry cruise missiles. The first squadron of
very low frequency/low frequency communications and air- cruise missile equipped aircraft (B-52G's) will be operational

cathardening against nuclear effects. We will also deploy in 1982. Selected B-52's will be modernized to provide
survvability communications that link command centers added protection against the effects of nuclear explosions
with all three elements of the TRIAD. (particularly electromagnetic pulse effects) and to improve

their ability to survive against Soviet air defenses through in-
In order to enhance our ability for long-term operation staflation of additional electronic countermeasures equip-

of our forces in s nuclear war environment, we will initiate a ment. We will disperse our alert 8-52's to more bases in
vigorous and comprehensive research and development peacetime in order to enhance their survivability. Older
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B-52's (D model) will be retired in 1982 and 1983. Finally, and might well keep them from achieving a high confidence
existing KC-135 aerial tankers will be outfitted with new counta-MX capability until the late-1980's, by which time
engines to increase airborne refueling capabilities. we will have a better system.

For long-term basing of MX we will initiate vigorous
SEA-BASED FORCES research and development programs on three options. These

options are: Deep Underground Basing, deployment of MX in
Our sea-based strategic forces currently represent the survivable locations deep underground; Continuous Airborne

most survivable element of our strategic TRIAD. We will fur- Patrol Aircraft, a survivable long-endurance aircraft that
ther strengthen this force through continued construction of could launch MX; and Ballistic Missile Defense, active defense
TRIDENT submarines at a steady rate of one per year and of land-based MX missiles. We plan to choose among these
through development of a larger and more accurate TRI- long-term basing options as soon as sufficient technical infor-
DENT II (D-5) missile. mation becomes available and in any event no later than 1984.

The TRIDENT 11 missile, scheduled for deployment in Finally, we will deactivate all aging Titan missiles as soon
TRIDENT submarines beginning in 1989, will have the capa- as possible.
bility of carrying more and/or larger warheads than the cur-
rent TRIDENT I (C-4) missile thereby effectively utilizing
the growth room in the TRIDENT submarine missile tubes. STRATEGIC DEFENSE
The TRIDENT 1H missile will nearly double the capability of
each TRIDENT submarine thereby avoiding a reduction in Due to a relatively lower priority assigned to our strategic
sea-based capabilities in the 1990's when our current defense systems over the past decade we have not maintained
POSEIDON submarines reach the end of their service lives the level of credibility appropriate to our national goals. In
and must be retired. The TRIDENT 1! missile will also have order to take the first steps toward restoring credible strategic
much better accuracy than current sea-based missiles, thereby defensive forces the following programs will be pursued:
providing our sea-based forces with the ability to effectively
attack any target in the Soviet Union, including hard targets. 0 In coordination with Canada, upgrade the North Amer-

ican air surveillance network including some combin-
In the near-term we plan to put cruise missiles on attack ation of new over-the-horizon backscatter (OTH-B)

submarines in order to deploy a force of highly accurate nu- radars and improve versions of today's pound radas.
clear warheads at sea. Deployment of these missiles will
strengthen our strategic reserve and deter the use of nuclear * Replace five squadrons of aging F-106 interceptors
weapons against our naval forces worldwide. In s theater role, with new F-15's.
they could also supplement the critical deployment of
Ground-Launched Cruise Missiles and the PERSHING!1 bal- 0 Buy at least six additional AWACS airborne survel-
listic missile in countering the massive Soviet buildup of lance aircraft for North American air defense to aug-
theater nuclear forces in Europe. ment ground based radars in peacetime and to provide

surveillance and control of interceptors in wartime.

ICBM MODERNIZATION 0 Continue to pursue an operational antisatellite system.

The Multiple Protective Shelter basing scheme for the 0 A vigorous research and development program on bal-
MX missile will be cancelled; however, we are still faced with listic missile defense for active defense of land-based
the problem of the current vulnerability of our MINUTEMAN missiles. This program will include technologies for
and TITAN force. We will continue to develop the MX missile space-based missile defense.
and will deploy at least 100 missiles in a long-term basing
option in order to redress this problem. 0 An expanded, cost effective civil defense program will

be developed in coordination with the Federal Emer-
Since the MX missile will be available in 1986, well gency Management Agency.

ahead of its long-term basing, initial deployment in existing
silos is the only way to avoid delaying the program. We can- In the years ahead we plan to continue our review of
not afford to put off MX with its improved accuracy, in- strategic defense to determine what additional steps may be
creased payload, and prompt counter-ICMB capabilities. We needed to achieve a credible strategic defensive force posture.
will therefore deploy a limited number of MX missiles, as
soon as possible, in TITAN or MINUTEMAN silos that will be In closing, I want to thank you again for inviting me to
reconstructed by adding more steel and concrete in order to this Symposium, and I will look forward to the personal con-
increase their hardnes to nuclear effects. This interim mea- tributions which you will be making to the modernization of
sure would force the Soviets to develop more accurate missiles our strategic forces.
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INVITED PAPERS

EQUIPMENT SURVIVABILITy ON THE INTEGRATED BATFLEFIEWD

Dr. Chars N. Dvidaon
US Army Nuclear and Chemical Agency

Springfield, VA

Good Morning! I appreciate the opportunity to address THE INTEGRATED BATTLEFIELD 1ISA COMSAT ZONE WHERE
you today 0n the integrated battlefield, and on the survive. EITHER OR BOTH COMBATANTS HAVE USED. ARE USING. OR
bility of Army equipment on that battlefield. Although I HAVE THE CAPABILITY TO USE CONVENTIONAL, NUCLEAR.
recognize that the principel focus of this sympoeium is on
shock and vibration problems, perhaps you will allow me to CHEMICAL, OR ELECTRONIC WARFARE WEAPONS SINGU-
set the stage a little by defining the integrgad battlfield; LARLY OR IN ANY COMBINATION TO ACHIEVE A MLITARY
touching on the conventional, nuclear, and NBC containn- OBJECTIVE.
tion survivability progr~ams which can drive shock and vibra. Mg 2 - Intepr. ated fll
tion survivability requirements in the Army; and indicate
why then pogam can no longer be considered indepen-
dently. Figure 1 shows the concept of the Integrated A hspit!sol ouettetra oso

that such a battlefield is likely to exist, but I propose not to
do so for seveal reasons. First, I don't have sufficient tine;
second, classification limitations here would prevent an

___________________________ authoritative rundown; and finally, I don't really think it's
necessary. We've all been deluged with quantities of inform
tion during the lest seveal yars, from both official and
unofficial sources, that, convincingly I believ, indicait that,
against the Soviets, any battle will be integrated and we can
ezpect simultaneous conventional, nuclear, and chemical fire
amiudst a severe 3W environment. Hopefully, you will w
that this threat is reel.

IMF One more point on the integrated battlefield is important
bfore we continue. The "IB." broad and all encompassing ss

it may seem, is actually a subset of an even broader concept -
and Abiand battle shown in Figuresa.

reg. 1- 11. Iatepatsd batiefled

First, let's defin just what the integrated battlefield is I
so we'll all be talking off the asmes program. The Amy do-.3.,

4* ~fines this term nshown in FRem 2. Runas note that nuclear -

en/rchemical weapons do not already hae" to have been-
emlydfor the integrated baefed to ezist; it is sufficient
fo ihrcombaitant simply to have the capability to do so. It FAEATLFED i I 110 'i i(P~L

Tisiutoreutfrmteaccepted ftact forces will mama__
nthvfttime or opportunity to sto end buwition frm Ka 'NI
oefrofwarfaroe oter When cobtbegins, thee ILICI5S "MI

for, w mut b redyto urvveand fight ineny end all ofW
those environments. v3* - Airked battsffeld P IN e p



This concept extends the integrated battlefield deep into the. requirements have included criteria for surviving small arms fire
enemy rear, provides, by engaging second echelon forces, and fragmentation munitions. Ths kind of survivability has
time and space for forward forces to conduct their portion of been with us for a long time and, when people in the sixties
the battle, and recognizes the joint Service nature of this ex- and before discussed equipment survivability on the battle-
tended battlefield, field, they were talking about survivability on the conven-

tional battlefield. That was fine as long as we were fighting
We might summarize to this point by saying that we in Korea or Vietnam, but now we have to consider a different

have defined an integrated battlefield which recognizes no battlefield - the integrated battlefield - with all that is im-
time or opportunity to transition from one form of warfare plied in NBC contamination and nuclear survivability. Let's
to another, and which, as a consequence, requires that we proceed, then, to look beyond conventional battlefield prob-
ultimately consider system survivability from an integrated lens, as serious as they are, at two other proganms of major
standpoint where synergisms may be very important. concern to the Army.

The facts are, however, that we're not there yet and have The nuclear survivability program had its origins in the
a long way to go. We've identified the important pieces of the early 1970's. Eventually formalized by Army regulation
puzzle, know what to do with some of these pieces, but in 1977, this piece of the survivability puzzle (Figure 6)
haven't yet fitted them all together (Figure 4). has as its goal the research, development, testing, evaluation,

logistic support, and product improvement of critical Army
Let's take a look at how the Army addresses equipment materiel which will survive the initial nuclear environments

survivability today - piece by piece. of the integrated battlefield. Based on the philosophy that
the equipment should survive if enough of the personnel re-

Conventional survivability (Figure 5) of course, is the quired to operate it remain combat effective, the progLm
business most of you are in. We assume that you will design results in specification of thermal, airblest, initial nuclear
our Army equipment to withstand the conventional environ, radiation, and electromagnetic pulse criteria whAch me
ments - off-road transport, rough handling, firing shocks - balanced to each other and to survivability of the operating
and requirements documents traditionally have included crew.
criteria or specifications for doing so. Additionally, our

Fis. 4 -l b intepated battlefield

i i
VI. 6- T57 intgrated bmttlefild
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rig. 6 - I%@ integrated battlefield

This philosophy is not only straightforward, but has the accordance with the spectrum of expected threat weapon
beauty of being reasonably scenario independent. The dis- yields, usually determined by the system's planned location on
tances from pround zero at which operating personnel be- the battlefield. Equipment survivability criteria are then calcu-
come combat ineffective from nuclear effects are plotted as a lated from the worst case environments corresponding to the
function of threat weapon yield (Figure 7). The ditAsnces threat constrained governing isocasualty curve (Figure 9).

.7s

Fig. 7 - Comparison of man's vulnerability to nuclear effecta i.9-1ra osrie oenn os"t uv

which govern or extend the farthest are determined. This
governing isocasualty curve (Figure 8) is then truncated in Airblast criteria, exemplified in Table 1 include one or more

set of eight parameters each; thermal, nuclear radiation, and
EM? criteria are stated in commensurate detail. It is obvious
that shock and vibration levels can be high. The equipment

IS ________________________________ seeing this airblast environment could experience accelera-
I tions of several hundred "C"s.

Table 1 - Example Airblaat Criteria

Peak Overpressure 10 PSI
Overpressure Duration 0.53 SEC
Overpressure Impulse 1.8 PSI-SECI IPeak Dynamic Pressure 2.4 PSI
Dynamic Pressure Positive Duration 0.69 SEC
Dynamic Pressure Impulse 0.68 PSI-SEC

Peak Underpreasure 1.6 PSI

Fi.8-CwrigioaulycreArrival Time 1.1 SEC

Pig - Goernig memuety crve7



Fig. 10 -l7b integrated battlefid

Every materiel requirments document now written THE ABILITY OF A SYSTEM TO KE RAPIDLY DECONTAMI-
by the Army includes a statement regarding the need for NATED TO REDUCE THE HAZARD TO PERSONNEL OPERATING.
nuclear survivability; if the item is critical to mission ac- MAINTAINING, AND REIRIPPLYING IT.
complishment and will not exist in sufficient quantities for Fig. I-
timely replacement of damaged items, a full balanced set
of nuclear survivability criterial will be specified. Critical
systems which are high density will have high altitude EMP
criteria only. Once these criteria have been specified, only
the Army's Nuclear Survivability Committee, a general "fight dirty" concept of operations, some minimal deree
officer group established by Army regulation, is empow- of equipment decontamination is required. For example,
ered to modify or otherwise waive the criteria. Experienceshows that they have ipnted only two wavers in the four liuiud chenue agnt can breach the shield of the soldier's
shows tha theyp aveogrmante only two waersy efour- protective overgment in time and they must be removed
years of the program. and then only for clearly substan- where they present a contact hasard. To enhance an item's
tiated technological design, operational degradation, or decontamnabity, one must, fit, consider use of mate-
cost considerations. rials which do not absorb NBC contamination and which

Although there are still problems with the nuclear our- make easy its rapid removal with decontamiants readily
Alt rogrm partiulrobles it the leas hards wavailable on the battlefield. Second, one must incorporate

surance on the production line and hardnes maintenance designs which reduce or prevent accumulation of NBC con-
sae oieldingIbelieve ths pro n le ad h reainenne tamination and make those areas which ae exposed readily
after fielding, I believe this progra to be relatively well accessible for decontamination - in other words, get rid of
in hand. in addition to the Army regulation, other DA nooks wnd cannie. Third, one must employ devices and
policy documents addr the nucem r survivabity of com- means which reduce the amount of contamination to be
mon use equipment. The Army's Training and Doctrine removed, such as positive overpressure system for combat
Command (TRADOC), which acts the Amy's combe t vehicles, packaging for supplies, and protective covers. Finally
developer and requirtments writer, has issued excellent r - one needs to provide space and mounting brackets for imtal-
plementin regulations. Further, U. Army's philosophy, lation of NBC detection, meamrement, and decontamination
methodology, and data be e for developing nuclte suriv- devices, which will incre the operational effectiveness of

* ability criteria have been standardized among U.e Australian, contamination avokiace, control, and removal; and decon-

British, and Canedian forces as QSTAG 244, and among all tmination vic on

NATO nations as STANAG 4145. Don't be surprised to see

the same detailed nuclear survivability criteria in foreign
equipment specifications as you would in US system! The second major element of NBC contamination our-

If we say that the nuclear survivability program devel- vivability is hardness, which is defined in Figure 12. In general,

oped in the seventies, the analogous program for equipment most materiel is sufficiently resistant, or "hard," to the
survivability in chemical warfare environments is emerging effects of battlefield concentrations of NBC contamination -

in the eighties. Actaully, weve named this new program although t cannot be asumed and must be e.
"NBC contamination survivability," expanding it beyond
chemical contamination to include biological contamination
and residual nuclear (such as fallout) contamination - well
(Figure 10).

THE ABILITY OF A SYSTEM TO WITHSTAND THE DAMAGING
This program is still in its infancy, although the concept EFFECTS OF NW CONTAMINATION AND ANY DECONTAM

is established and approved to include three major elements: NATION AGENTS A EOURES REGUIRED TO REMOVE IT.
Decontaminability, hardness, and compatibility. We define
decontaminability a shown in Figure 11. Even under a P%. i2 -

--- - -- - - -



Invariably, the greatest damage occurs during the decontam- existing specifications for decontaminability, hardness, and
ination process. Current decontamination agents are notori- compatibility are interim and only qualitative. We are moving
ously caustic, removing paint, ruining seals and gaskets, cor- to develop these quantitative criteria with all possible speed,
roding sensitive electronic components and plastics, and even however. As a result of an out-of-cycle fund request, a con-
causing structural damage to aircraft. As a minimum, materiel tract was let by the Army just last month for a comprehensive
should be hardened to the extent that none of the item's study to develop and recommend quantitative standards for
essential characteristics or reliability, availability, and main- NBC contamination survivability, suitable for Army use as
tanability (RAM) requirements is adversely affected. criteria. Contract results are due in 11 months time; the

study effort is being guided by a group chaired at the two-
Decontaminability and hardness are distinct qualities. star level. In addition, a four-nation ABCA special working

Standards for the former are expressed in terms of the resid- party has been established to provide Quadripartite inputs to
ual hazard to man, and for the latter in terms of materiel the study during its conduct. Exactly what form these quan-
damage. Nevertheless, there is a strong interrelationship. titative criteria will eventually take we can't yet say, of
Materiel high on the decontaminability scale can reduce or course. Perhaps decontaminability relationships will look
eliminate the need for materiel-damaging decontaminating something like Figure 13. The decontaminability standard
agents and procedures, which in turn reduces the need to then might state that, for a given equipment category, con-
harden materiel solely to withstand their deleterious effects. tamination from agent A in the crew compartment must be
One thus hardens materiel to withstand the decontamination reducible from level X to level Z in 60 minutes using decon
process and selects decontamination processes consonant procedure B (level of effort 3).
with the materiel to be decontaminated; the two go hand-in-
hand.

The third and final element of NBC contamination sur-
vivability is termed compatibility. In this context, compati-
bility means that the item is capable of being operated,
maintained, and resupplied by personnel wearing the full
NBC protective ensemble, along with any other required t 5
gear. Collective protection may be necessary to enable the
crew to operate more efficiently for a critical period of MI zMM I -----
time without the encumbrance of the protective ensemble,
or it may be necessary to improve decontaminability by
reducing the amount of contamination to be removed. But 4 1
collective protection, regardless of the system selected, is not I

a satisfactory substitute for compatibility. Crewmen must 1 2 3
frequently exit and enter the vehicle and weapons must be tEVt N MIOUTI ffP
resupplied. NBC contamination will inevitably be introduced
into the crew compartment, forcing assumption of a fully Fig. 13 - Decontsminability Standard
protected posture. Compatibility with the NBC protective
ensemble is essential.

A hardness relationship might look like Figure 14. Since
Thus, for an item to be NBC contamination surviv- materiel is usually more susceptible to decontaminants than

able, it must be rapidly decontammnable, hardened to with- to the chemical contamination itself, the standard might
stand NBC contamination and the decontamination process, require that RAM not be degraded below level Y after the
and compatible for use with the full NBC protective ensemble. equipment undergoes level of decontamination effort 2.

Applying the above concept of NBC contamination sur-
vivability, the user must then ascertain whether it is required
for his system. The rationale is clearcut: if the item is mis-
sion essential, it must be NBC contamination survivable. Un-
like the rationale for nuclear survivability, neither system re-
dundancy nor resorting to resupply provides a completely -
acceptable alternative. Once a unit is subject to NBC con- si m
tamination, the redundant and resupplied items will be-
come contaminated in short order. 2

This concept for NBC contamination survivability is not
only US Army approved, but was also approved in May of
this year by the Australian and United Kingdom armies and 1 I I
by the Canadian forces. A draft US Army regulation is cur- F/t x Uw IIII f[I!
rently being staffed to formalize the program at Department Fig 14 - Hardnes standard
of the Army level, which among other things, will give over-
sight and criteria waiver responsibilities to the same general
officer committee which oversees the nuclear survivability
program. TRADOC has already published regulatory guidance And a compatibility relationship might be expressed as
in this area for its requirements document writers. in Figure 15. In this cme, the standard for a weapon system

might require that system kill probability spinst enemy
Despite these policy documents, the Army does not yet threats not be degraded below a certain value if the system

have quantitative criteria for NBC contamination survivability; operating crew is in mission oriented protective posture 4.

9
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NBC contamination survivability Propams. In addition,
TRADOC's regulatory guidance on the two program is int-
grated in one publication. The fit system for which an
attempt has been made to integrate the requirements is cur-
rently going through the experience - with all of the antic-
ipated growing pains. This system, the Hardened Army
Tactical Shelter, has the conventional fragmentation re-
quirement of stopping a 60 gain 500 meter/sec frarment,
nuclear survivability criteria corresponding to 10 psi over-

- . . .pressure, the NBC contamination survivability equiements
2 3 4 that include a collective protection overpremare system.
,- It Building these requirements into a shelter at an affordablecost and at a bearable weight is a real challenge - but will

Fig. 15 -- Compatibility standard provide information and leons learned for integrating the
equipment survivability requirements for future system.

Only time will tell exactly what form these criteria You, who are the developes and designers and tester
will take. What is certain, however, is that the Army will of Army equipment for the integrated battlefield, will be
shortly latch on to another piece of the survivability puzzle directly charged with responsibilities for integrated sur-
by stating some form of quantitative criteria for NBC con- vivability -and finally putting this puzzle together(rigum 16).
tamrination survivability in requirements documentation for
m ion essential equipment.

Now I have briefly described three aspects of equipment
survivability on the integrated battlefield. It was obvious, I'm
sure, that these three programs were conceived and developed
independently and at different times. Certainly they are each
in a different state of maturity. But despite this historical
difference, we can no longer afford to consider them inde
pendently because there are too many possible synergism
when designing equipment to survive these integrated en-
vironments. We know, for example, that mncreasing blast and
thermal survivability concomitantly increases durability and
other RAM-related characteristics. We have hard data which
show that inceasing the radiation shielding characteristics of
tanks also significantly improves protection against conven-
tional munitions. On the other hand, we realize that exter-
nally mounted collective protection components retrofitted
to existing signal shelter are blown away at airblast levels
significantly below those which the shelter itself can with-
stand.

We've already taken the first few steps toward integrat- -

ing equipment sumvability. As I mentioned earlier, one
Army high level committee will overs both the nuclear and id. te - 1%e imtasmetd btutleftld
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NAVAL OPERATIONS IN A NUCLEAR ENVIRONMENT

CaLDonald Aldieson
Thater Nuclear Warfare Project Office (PhS-23)

Deperteat of the Navy
Waigion, D.C.

Doctor Sevin is entirely right, we are brand new. We some communication links to EM? on 51 classs of shlps;
were charterd on 20 June 1981, and sine than we have we will also explore "chssp kill" hardsnlngf from convsn-
been bringing our staff on board. I would like to acquaint tional weapons. We bave a start next year on a C3-EMp
you with the initiatives that have recsntly been taken in survivability progam and another new start next year on
the Naval Material Command and the way we intend to the non-EM? survivability of aircraft reulting from those
approach our responsibilities to improve the Navy's suzviv- effecta of nuclear detonations othar than EM?. These we
ability posture. thermal and air bea.

The Theater Nuclear Warfare Project Office (fld-23) has This is how we will approach the program. IFita we
a three-fold responsibility: modeniae the Navy's theatre will focus on the mission critical functions within the con-
nuclear weapons stockpile, oversight managamuent reaponelbil- text of these several survivability parameters; then we will
ities for survivability and combat effectiveness, and rebuilding consider alle- a Iet of survivability. What can sative and
the Navy's technology bowe to support these two efforts. pasive defenses contribute? Are there operational pro-

cedures. that mitigate the conequences? Fleet spacing is
The Charter raw, insibilities for survivability and an example. We hase finally anseed all of thos questons;

combat effectiveness run along classical line. The organiza- then what must be done to harden platforesad equipenst?
tion we have structured for it is aclassical Naval Material Once the decision bs made to hesd.. for improved "mvlv-
Command matrix management operation. The project ability, then I think out general approach will be similar to
manager is established asa Rar Admiral's billet. I am the the Army's approach which Dr. Davidson described. We will
acting Project Manager at the present time. We plan to have establish hardening criteria, negotiate the waves monior
61 people in this organization in the 1IO8 fiscal yew. We the impleementation of herdsningl, ve*if effectimesm by
have 18 people on board now, and virtually all maor posi- test, (the big problemt is that we do not have a final saee
tions, except for the technical director, have en incumbent. for our progrm managers). and muse attention to lft

cycle surveillance aid hardnes maineac.
I wait to talk about several dimensions of the approach

to survivability. First, enid perhaps the peatkest importance New constuction in another facet of the bardnes
is for the Navy to consider those problem that will affect problem. There we have a chance to 1Wu in at the keel". We
its combat readiness, even though we are not directly can implement hard..,g at the platforn level. and we
attacked - the very long range effects. should be able to cover all vital oprtaoa functions; it

seem to be cost effective, end it should mininnin validation
Communications bleck-out ina classical phenomenon and maintenance problesm.

ith the Navy's requirement for vary long haial communica-
tions in many case, it cana affect us, but we can probably Majo functional rtet we stil another toat of the
compenate for it. Water a-ves, flesh blindness, fell-out aid hardness problem. The modal tha we will use in the back-
satellite problem also affect the combat readiness of the fitting of the TOMAHAWK Cruine Missie into the DD963
fleet. other local effect& exist. Air blast predominates in our elass desteroy It will beaa ajor fimetonal retroft and
thinking. not to the exclusion of any other threats, but it is even thouga we may not be"l to provide berar amrnce
our tbiggs- problem as we consider all of the local threats. for the total platicem, we intend to provide Iar I for
This as to illustrate a point that pertains to new contuction. that singl function. That is, we wsant to get off a planned
There is a price to buy in on hadnes, with respect to any TOMAHAWK strike t spective of the neaure of the
one threat, almost is espective of the level selected. There is dsnage to the red of 'be ship, provided it in still afloat and
a reasonably paedusi and orderly growth from one leve to A4 can plovwd electrical power.
the neat, and at that time other effects begin to predominae,
and costs lend to sky-rocket. We think we know where the It ha been aid that if you want to look at the US
break-points ar. Navy in the year 2000, go down to Norfolk ad look at it.

A Ilae tion of it in there. It has been a Frbie flII-gotti
Another asseassment and hadening prm Van in the aurvivesbility built into the Naevy. Many hboe solvad. "Why

FAANTAXL program which is acooperative progrm with should I do At for my ship cls whm the re of the Navy
DNA. The object in to am the Ised of the FIA-la and will be soft?" We need to focas on vital functions consider

seelohe chuse of alicraf. We have a survivability the cost and Wie resseanig and do what we can
improvement po to explore functionally hardeing



Another problem in hardening shipboard systems is they several organizations. The Chief of Naval Operations staff is
tend to be reasonably large, very concentrated and quite responsible for setting sequirements. The platform sponsor
complex. When a ship is built, the builder provides essentially within the Chief of Naval Operations makes the money avail-
the ship, its propulsion and many of the combat systems. On able. The system maqgr who will actually build the plat-
the other hand, much of the vital material is government- form, be it ship or aircraft, is also involved. PM23 is the
furnished equipment; it is either "off-the-shelf" or it is "broker" with the nuclear expertise operating in the midst
procured under a totally different system: getting hardness of this group of people. We have to find out how the con-
specifications iwto the government-furnished equipment is a trols are defined. Are they fiscal controls? Are they pro-
real challenge to us, and we believe it will take a long time. cedural controls? Is it a system such as the Army uses of a

flag officer end a general officer board that must pass on
We also need to do something for the existing fleet, waivers and accept the criteria, undefined for us as yet?

About a half year ago CINCLANTFLT asked us what we can Whatever it is, it must control the waiver process.
do if we have some warning that a nuclear attack may be
imminent. Or if a nuclear attack occurs, what can we do after We must do better. Nuclear survivability must get into
the fact to rapidly reconstitute our capability. We have teams the core of all programs. And finally, we must rebuild the
out in Norfolk now doing a quick assessment. We hope to Navy's technology bass in the nuclear weapons effects areas
come up with damage control procedures or readiness pro- in the Navy's laboratory structure. Constraints exist on
cedures to either mitigate or help reconstitute our capability Program 6 funds within the Navy. We had fairly decent
after an attack. This is principally toward these far-reaching programs at one time, but we have a thirty percent cut in
effects. Program 6 funds. We need to use seed money in the systems

development community to encourae consideration of
We are setting out to do this job now, and it is challeng- survivability. And finally, we believe DNA can and will help

ing. rhe structure we must develop, however, will involve us if the Navy program is well-supported.

a
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SURVIVABILITY OF REQUIREMENTS FOR FUTURE AIR FORCE SYSTEMS

Dr. Henry F. Cooper, Jr.
Deputy for Strategic and Space Systems

Office of the Assistant Secretary of the Air Force for Research & Logistics
Washington, DC

The President's strategic package, announced on Octo- Over the pest decade we have developed impressive C3 I
ber 2, proposes the most comprehensive program for strategic capabilities for peacetime use. However, we have not made
force modernization since the Eisenhower years. it is corn- these systems as survivable as we would like, nor have we
posed of: provided a reliable post-ttack C3 1 system. Thus, the

President's package assigned the highest priority to improve-
" C3 I systems to assure communications with our stra- ments in our warning systems, command posts, and com-

tegic forces, even after nuclear attack, munications links, including the development of post-attack
reconstruction capability to asure enduring CS 1. These im-

" Modernization of our TRIAD of bombers, SLBM's, provements are intended to ensure that we can effectively
and ICBM's, and employ our nuclear forces throughout all stages of conflict,

which is essential to our maintaining a credible deterrent.
* Improvements in Strategic Defense.

Modernization plans for our warning systems include
Major portions of four of these five mutually reinforcing PAVE PAWS surveillance radars to detect SLBM launches,
elements of the strategic program will be implemented by the OTH-B radars and additional AWACS aircraft to detect
Air Force, and will be the subject of my discussion today. airborne threats, satellite improvements to provide better
But, first, a word or two on the policy which motivates these missile warning, and mobile pound terminals to improve
proposed programs. the survivability and endurance of satellite warning and com-

munication systems.
The intent is for these strategic improvements to greatly

strengthen deterrence of nuclear war by denying the Soviets We plan to upgrade the survivability and operational
any realistic prospects, however, they may define them, of capability of the E4B and EC-135 airborne command posts.
pining an advantage by initiating the use of nuclear weapons. Improvements include increased hardening to EMP effects
As noted here, deterrence remains the centerpiece of our and upgraded satellite and LF/VLF communication capa-
strategic policy. However, the evolving strategic realities of bilities. Alternate survivable command posts, such as ground
the last 10-15 years have led to serious doubts of the mobile command posts and deep underground posts, will also
adequacy of our concept of Mutual Assured Destruction likely be considered.
(MAD) in providing a stable deterrent. These doubts have led
to a monotone evolution of national policy over the last 10 Improvements in the communication links include a 500
yeas, 0 enunciated in public explanations of NSDM-242 and node LF communication network to provide high confidence
PD-59, toward emphasis on trans- and post-attack endurance, trans- and post-ttack communication capability. This
the ability to maintain effectiveness over a wide nmge of multiple-aimpoint system will be coupled with new LF/VLF
options during a protracted war, the ability to deny coercion mini receivers for the bombers to ensure their timely recep-
at any stage of conflict, and the capability to administer the tion of execution orders. As mentioned above, mobile round
ultimate punishment if necesary. In other words, the trend is stations will also provide endurin capability. Finally, a
toward developin an apparent war fighting capability, rather vigru R&D program leading to the capability to reconu-

than relying upon the threat of nuclear punishment for deter- tute an enduring CaI system will be undertaken. It is hard to
rence. Survivability and endurance are obviously key attri- make systems survivable in the face of highly accurate threat
butes of strategic systems responsive to this evolving policy weapons which m capable of destroying any target that is
intended to support a protracted conflict in which nuclear identified and located. Thus, to assure systems that remain
weapons ae used. capable post-attack, we ae compelled to think of ways of

reconstituting Capabilities... including forces, C31, and
In response to this evolving policy, the President's pro- logistics support.

gum stresses survivability and endurance of our strategic
forces and their supporting C3 1, and the ability to hold at As has been recognised for at least a decade, improve-
bk targets of stategic value to the Soviet Union. I will ments in Soviet ICBM accuracy have led to the situation
return to this point as we discuss each of the Air Force where our land'bed ICBM's are potentially vulnerable to a
components of the strategic pack ge. Soviet first strike. The Air Force's preferred response to this
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threat, evolved over a like period of time, was to deploy the B-i's, the first squadron of which will be delivered by 1986,
MX Multiple Protective Structures (MPS) system. However, will be capable of delivering ALCM's in a stand-off mission,
after a review of basing alternatives, the President decided to or of penetrating Soviet Air Defenses into the 1990's, and
reject the MPS system and to seek alternative more survivable will have reload and multimssion capabilities in protracted
basing modes for the MX missile. A decision was made to conflict scenarios. R&D will continue on the ATB which,
proceed with full scale development of the MX missile and to under current plans, will be deployed in the 1990's.
deploy it in either upgraded Minuteman or Titan silos until a
more survivable basing mode is selected and deployed. The Over 3000 ALCM's will be deployed on the B-52G's,
MX missile will provide the U.S. the capability of holding B-52H's, and B-i's. The first squadron of B-52 ALCM carriers
hardened Soviet systems at risk, and hopefully will motivate will be operational in 1982. KC-135's will be re-engined to in-
them to spend money to rebase their ICBM's in a more sur- crease airborne refueling capabilities.
vivable basing mode. The current program calls for an inten-
sive evaluation of three basing alternatives: (1) a Continuous Finally, I would note that in our efforts to ensure the
Patrol Aircraft (CPA) which is intended to fly on continuous capability of the bomber to play an important role in pro-
airborne alert primarily over ocean areas; (2) the develop- tracted war scenarios, providing enduring logistics support is
ment of a deceptively based Ballistic Missile Defense (BMD) a major technical and management challenge.
which would be employed to defend the silo based MX (and
Minuteman missiles); (3) deep underground tunnels which While there are no major new shock and vibration
would provide survivable storage of a secure reserve force, challenges offered by these developments of the Air Breath-
The present program calls for a selection between these three ing leg of the TRIAD, the substantial modernization program
alternatives by 1984. clearly will provide the motivation for improving the quality

and efficiency of the already well established technical base
The technology requirements of interest to this audience in this area.

for the CPA and BMD are essentially the same as those con-
sidered previously for similar systems. On the other hand, We have virtually ignored strategic defensive systems
this is the first serious study of the engineering feasibility of for a decade. As a result, we have large gaps in radar coverage
deep basing, and consequentially, the program provides op- provided by the North American Air Defense Warning Net-
portunities for novel developments. The deep basing concept work, our strategic air defense interceptors are obsolete, and
assumes that missiles are stored at various points within an our anti-satellite and ballistic missile defense programs have
extensive tunnel complex a couple of thousand feet deep, lagged behind those of the Soviets. The President's program
preferably in mesas where horizontal tunnels can be drilled takes the first steps toward restoring credible strategic de-
from the inside out, commencing at any time from imme- fensive forces. It provides for upgrading the North American
diately following the attack until perhaps a year after initia- air surveillance network in coordination with Canada. The
tion of hostilities. Thus, there are requirements not only to plan includes some combination of over-the-horizon back-
survive severe shock and vibration of the direct attack, but scatter (OTH-B) radars, AWACS aircraft, and improved ver-
also to provide for the continuing operational capability, in sions of the ground radar systems that exist today. It also
an uncertain post-attack environment, of a self-contained calls for replacing the aging five squadrons of F-106 inter-
manned system over an extended period of time. Important ceptors with new F-15's. The additional AWACS aircraft will
technical issues requiring study also include the development augment the ground based radars in peacetime and will pro-
of more rapid egress than can be accomplished with normal vide surveillance and control for interceptors in wartime. We
drilling procedures, and development of a means to avoid are also developing operational concepts by which warning
detection on drillout. and air defense capabilities can endure in a protracted conflict

involving nuclear weapons.
In addition to these basing modes which will be con-

sidered for deploying the MX, we expect to continue our We also plan to continue to puruse an operational anti-
investigation of alternate ICBM's and basing modes for future satellite system as a counter to the capability already demon-
deployment. For example, smaller ICBM's, which might more strated by the Soviets.
conveniently be based in mobile or other deceptive ways, will
be considered as a part of the Advanced Strategic Missile As mentioned earlier, the President's program calls for
System (ASMS) program. a vigorous research and development program on ballistic

missile defense. The Army has the lead in pursuing alterna-
The U.S must depend heavily on the survivability of tives that represent evolutionary improvements over BMD

our bombers (and sea based forces) in the 1980's while we concepts of the past. The Air Force will, of course, integrate
take steps to improve the survivability of our land based mis- its programs with the Army's activities in order to assure
ses. Furthermore, the bomber is perhaps the most flexible effective coupling to BMD should that be the selection for
and potentially endurable of our strategic forces. It can be improving the survivability of the land based ICBM's in 1984.
launched and recalled, can serve as a launch platform for In addition, the Air Force will be conducting research on
stand-off missiles (such as ALCM's) against fixed targets of space based lasers which might be viewed as a long term
known location, can be employed against targets of impre- potential solution for ABM.
cise location, and can be recovered, reloaded and launched
again. The President's plan calls for improvements to the Finally, it is noted that civil defense is getting a boost
B-52, purchase of 100 B-i variants in the late 1980's, and the and the Defense Department will be exploring new program
development of an advanced technology (Stealth) bomber alternatives in coordination with the Federal Emergency
(ATB) in the 1990's. Management Agency which has the lead in the civil sector.

Survivability improvements of theB-52G and H force, I would like to close my discussion with a few com-
which will be used as an ALCM launch platform into the ments of a general nature. These thoughts will reflect not
1990's, include EMP, blast and shock and ECM upgrades. only my recent experience which has given me a broad view
The older B-52D's will be retired in 1982 and 1983. The 100 of Air Force strategic systems, but also my previous more
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narrow backround derived from my study of the survivability not appreciated. Such initiatives to minimize cost have on
of strategic systems to nuclear blast and shock effects. some past systems severely constavined the ability of later

designers to cope with improvements in the accuracy of
There is a continuing need to specify the best possible the nuclear criteria, except at geat expense. This classical

predictions of the nuclear environment and associated system design approach then can put us in the situation of being
response. Of particular interest are improved low-over pres- pennywise and pound-foolish. I would recommend that
sure contours which might affect our estimates of aircraft designers seriously consider innovative developments that
safe escape; the dust environment as a function of tine fol- provide powth capabilities at the margin where criteria are
lowing a major nuclear attack which may affect the endurance recognized as being very uncertain and where future research
and operational capabilities of various airborne systems; might substantially change current estimates. Similarly, it
close-in high intensity nuclear environments important to may be worth paying a little bit more for hardening tech-
estimates of silo hardness and deep undergound system nologies which provide assurance that systems can be main-
design. Of course there is the continuing requirement for im- tained in a hard configuration. Here, specifically, I am think-
proving our theoretical models for system response to nuclear ing of various shielding approaches to the hardening of
effects. Given the lack of direct nuclear experience for many electronics to EMP effects whether they be aboard aircraft,
cases of interest and the unlikely possibility of future nuclear satellites, or on pound equipment. It often does not cost
testing experience, there will be a continuing need to develop much to design in hardness initially, but we pay dearly to
improved simulation test capabilities for use in the design and retrofit.
validation of systems. Finally, given the uncertainty inherent
in this entire process, there is the need for the designer to be As noted previously, there are few new requirements for
as creative as possible in designing to avoid suprises; that is, shock and vibration breakthroughs. On the other hand, the
to design around potential but unknown problems. several major strategic program initiatives will undoubtedly

assure the continuation and enlargement of research, develop-
Too often (in my view) the designer exercises great ment and testing activities of interest in this community. We

creativity in minimizing the cost to design to specifications solicit your active support to improve the quality, efficiency
that are given with preat precision but which are inherently and survivability of Air Force strategic systems.
inaccurate due to uncertainties in specifying criteria. No
place is this more evident than in designing systems to Thank you for your kind attention.
withstand nuclear effects where the uncertainties are often
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NUCLEAR HARDNESS VALIDATION TESTING

Dr. Edward Conrad
Deputy Director (Science and Technology)

Defense Nuclear Agency
Washington, D.C. 20305

It is a real pleasure for me to be here today. Although In the days of atmospheric testing, we defined many of
we do many things at the Defense Nuclear Agency (DNA), the environments that are created by a nuclear detonation.
I really consider the most important part of our work to be We tried to learn as much as we could in those days about
technology transfer. It is meetings such as this, where that blast, pound shock, thermal radiation and nuclear radiation
technology transfer takes place. I am gratified that the such as the gamma radiation and the neutrons that eminate
speakers who preceded me this morning talked about what I from a nuclear weapon.
am going to discuss. I feel it is very important that our
Agency should be in tune with the needs of all of the Depart- At high altitude there are ionization effects that occur
ment of Defense. Each of the speakers you heard this morn- in the ionosphere and at the high altitudes the rarity of the
ing is a close friend and colleague and I feel a strong respon- atmosphere makes the threat from the x-rays that emit from
sibility to support them in the requirements they stipulate. the nuclear weapon something that has to be addressed.

The first figure (Fig. 1) paraphrases the DNA research One example of these atmospheric effects is the STAR-
and development mission and identifies the organizations FISH EVENT that occurred in 1962. It was a detonation that
with which we interact. DNA is the corporation memory and took place at 400 kilometers in altitude. The ionization oc-
the conscience of the DoD nuclear weapons effects data base curred over a very large volume in space. This disturbance -
and expertise. In this area, we conduct all underground this ionized region - was five to ten thousand kilometers in
nuclear tests on nuclear weapons effects and we coordinate length and several thousand kilometers wide. I will return to
the research among the DoD Laboratories. The Director of the significance of this later on in my talk. Numerous events
DNA reports to Dr. DeLauer, the Under Secretary for occur when a nuclear detonation takes place at high altitude.
Research and Engineering, and also to the Chairman of the These are shown in Figure 4. When the radiation from this
JCS since DNA manages the logistics of the nuclear stock- detonation strikes.the upper edges of the atmosphere, it
pile as well as conducts nuclear weapons effects research. releases a charge and as this charge moves in the magnetic field

of the earth, it develops an electromagnetic pulse that can
Figure 2 shows some examples of the range of our move down to impinge on the surface of the earth. This is

activities. Everything you heard this morning from the pre- what we refer to as the EMP threat to communications and
vious speakers appears somewhere on this chart. Figure 3 other pound systems on the surface of the earth. The x-rays
categorizes the activities we address in terms of strategic, from this detonation can move out to very peat distances
theater, enduring C3 , biomedical and physical security. In the striking space objects such as satellites, reentry vehicles, or
strategic systems our efforts include nuclear hardening missiles. When the x-rays strike a satellite, they release a charge
survivability for land based missile systems including the EMP from the surface of the satellite and this creates a phenomenon
effects - that is the electromagnetic pulse that arises from referred to as system generated EMP (SGEMP). This effect
ezoatmospheric nuclear detonations. We also explore options can be highly damaging to satellites and we do investigations
for basing, such as secure reserve force, and consider concepts to learn how to characterize this effect and mitigate it.
for survivability in situations such as protracted warfare. DNA
is also intemately involved in the modernization in our theater A collection of photographs of the various testing pro-
nuclear forces. We provide research that supports the Office of grams DNA has conducted to simulate nuclear weapons
Secretary of Defense in the High Level Group deliberations effects is shown in Figure 5. Obviously, we no longer do
with our NATO Allies on the modernization of forces in atmospheric nuclear testing and so we have to provide means
Europe such as the long range forces, PERSHING, GLCM. We by underground nuclear testing or above pound simulations
support the Navy in exploring problems of Maritime Theater to learn more about these effects on our systems.
Nuclear Warfare. DNA is concerned with the endurance of
our command, control, and communication systems and we DNA conducts experiments to investigate the effects of
do research on how to provide survivability and protection to the nuclear ionization when weapons are detonated in the
these systems. This not only includes the land lines but also atmosphere. This is shown schematically In Figure 6. We
satellite communications and effects on the ionosphere that simulate this effect by the use of barium which is released
occur directly by exposure to nuclear detonations. With this at high altitudes and monitored by sending up sounding
brief overview of the DNA activities, I will now give you rockets in order to learn more about the chemistry that takes
examples of many of these programs in a technical discussion place in the environment. We also do transmission e.pesi-
of the DNA efforts - especially in the arem related to the ments during this test in order to evaluate the effect of these
subject of this symposium - shock and vibration. striations in producing disturbances on satellite transmission.
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Fig. 6 - Places experiment

As we propagate signals through it, we characterize this dis- the detonation. The large crater you see occurred because
turbance on our communications, and develop codes for use after the detonation takes place, a large cavity is formed at
in simulators as described on Figure 7. In this sort of simula- some depth below the ground and a the earth ultimately
tion we can use the transmitter receiver and the simulator on collapses into that cavity, a crater results. As a matter of fact
the ground to perform experiments to learn how to properly you can see some other craten in this photograph from pre-
modulate and key the signals to optimize the propagation vious shots. Obviously we didn't want to lose the experimental
through the disturbed medium. Detonations that occur in chamber and the test model and so it was pulled away from
space not only produce disruption in communication, but ground zero prior to time when the ground subsidence
they also create an infrared background. Infrared is used for occurred. We were interested in recording the response of the
many applications and it is important to understand both the model, not only during the detonation, but for some consider-
natural background and that created by the detonation, able time thereafter. For this reason care had to be taken to

shock isolate the model within the chamber and you will
In Figure 8 we see a test being performed on an aircraft hear a presentation on how this isolation was accomplished

to assess the effects of EMP. The object above the aircraft later in the meeting.
is an EMP simulator that develops an electrical pulse similar
to that which would be seen from a nuclear detonation and I would now like to return to a consideration of the air-
which provides a threat level electrical field. By repetitive blast and ground shock mechanical effects and Figure 12
pulsing and continuous instrumentation monitoring at many illustrates the nature of the problem. It is necessary to con-
points within the aircraft we can characterize what the EMP sider the combined effects of cratering, the direct induced
disturbance will be. One way to characterize the effects of stress wave and the airblast when evaluating ground shock.
exoatmospheric radiation on satellites which produces system The airblast loading which induces ground shock also directly
generated EMP, the SGEMP effect I told you about a moment applies a dynamic overpressure to object. on the surface
ago, is to use an underground test. which is complicated by multiburst effects, reflection factors,

and drag coefficients for the airburst and structural con.
Figure 9 is a sketch of a test that was done sometime figurations being considered.

ago called HURON KING in which we examined the effects
of x-rays on a satellite-likelmodel. A vertical hole was drilled Figure 13 is an aerial photograph of a test called MISERS
in the ground to a depth of about 1,000 feet and a nuclear BLUFF that was performed to gain information on airblast
device was placed at the bottom of this hole. The trick of this and ground motion effects on a propoeed siting configuration

O experiment is to let the x-rays come up this pipe and impinge for the MX system. This test was conducted to explore what
on the satellite-like model and then choke the pipe off to the effects would be on a basing shelter of a missile if the
prevent any debris from being released. You will notice the six nearest neighboring shelters were simultaneously targeted
trailers that contained extensive instrumentation which and introduced the complications of multiburst phenomena
recorded the satellite-like object response during the explosure. in airblast technology. This test was performed by the use of
An enlarged view of the chamber that contained the satellite six one hundred and twenty ton high explosive shots and in
model is shown in Figure 10. This chamber had to be used to this experiment we were able to learn how the effects from
provide a background, in other words, an environment, to the six shots could be summed to determine the vulnerability
make the satellite think that it was truly in space. You will of the central shelter. In support of MX, we have also done
notice that there are tracks under this chamber and their experiments to help in the base line design of the various
purpose is illustrated in Figure 11. This is a poet shot photo- shelters considered.
graph of the experimental area showing what happened after
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Figure 13

A model horizontal shelter in which we used a dynamic A one fifth scale model of the notional submarine
airblast simulator to assess the integrity of the door and over- shown in Figure 19 is being used in a cooperative program
head structure is shown in Figure 14. The dynamic airblast between NAVSEA, United Kingdom, and DNA. The model is
simulator is composed of a containment structure with an actually provided by the British. Using this model we can do
earth berm placed over it to improve the containment and underwater shock tests to learn more about the elastic
properly shape the airblast so that physical measurements can response of the internal equipment to simulated nuclear load-
be made to monitor the response of the shelter. Figure 15 is ing. An illustration of the USS ARKANSAS - a nuclear
a photograph taken during the detonation of the HE charge. propelled guided missile cruiser is at Figure 20. DNA and the
A post shot photograph of the shelter is shown in Figure 16 Navy are preparing to do some underwater shock tests on this
and illustrates that certain design changes had to be made vessel to better characterize the mechanical response of the
before development could go further, reactors and the cruise missile launcher in the environment of

underwater detonations.
The features of the MX missile and the corresponding

nuclear weapon effects threats are described in Figure 17. To address the effects of airblast on tactical equipment
DNA has been working closely with the developers of the DNA periodically performs high explosive tests at the White
cruise missile to address such issues as blast and thermal Sands Missile Range. Figure 21 is a typical layout of such a
effects on the airframe and propulsion system. We have test where the explosive charge is located at ground zero and
performed experiments in which a model of the cruise missile various forms of tactical equipment, communication shelters,
was placed on a sled and driven past a high explosive charge vehicles, weapons systems, naval deck structures, are set out
to make blast measurements on the structure. at various distances and instummented to determine their

response. These tests very often have international partici-
DNA is engaged in programs of cooperation with the pation. The high explosive charge in Figure 22 is being

Navy to learn more about how to harden submarines and assembled at ground zero. This is typical of the recent MILL
surface vessels against the effects of underwater shock. A RACE and the preceding DICE THROW high explosive
photograph (Figure 18) of an experiment that was done ac- events. This is a stack of 628 tons of ammonium nitrate
tually several years ago to learn what the effect underwater fuel oil explosive. The 628 tons is used to simulate the effect
shock from a nuclear detonation would be on a submarine of a one kiloton nuclear detonation.
hull at depth. This is a one third scale model with stiffeners
of a section of the submarine hull and it was tested at a depth Figure 23 is a photograph of the DICE THROW event
of 2500 feet with HE. At that time, this was supposed to be taking place. I show it to illustrate that it really does work,
a success oriented experiment and of course the hardness of also to illustrate another interesting feature which appears
this hull section had been computed with what were then in the photograph which is the shock wave that precedes the
contemporary analytical codes. You can see the experiment explosion gas cloud.
was not a resounding success. We had learned that the codes
were deficient in accurately predicting the susceptibility of Post test photographs (Figure 24) show the blast effects
this section. Since that time the codes have been revised to on some of the equipment in the test. You also note that
provide a more accurate prediction of the survivability of our there are manikins lying about - those aren't real people,
submarines, those are experimental manikins to learn more about the
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Figuro 20

Fig. 21 - High explosive tes bed layout

Figure 22
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Figure 23

Figure 24
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etect. of airblast on personnel. Obviously, we are every bit At the end of this tunnel we placed a nuclear device
as much interested in what happens to our personnel, as we and by the use of evacuated pipes for the transmission of
are in what happens to our equipment. The Defense Nuclear x-rays for x-ray experiments or by side drifts to other tunnels
Agency conducts an elaborate program of research on the for structures experiments, we have been able to learn an
nuclear effects of personnel, including the effects of radiation awful lot about these effect.. The technique is not simple.
as well as airblast. It requires many different types of closures to protect the

experimental objects so that we can properly make our
The previous discussion and illustrations have addressed measurements and recover some of the experiments. The

airblast, thermal and, EMP effects but we also need to study instrumentation for some of these experiments is located in
pound shock. I would now like to address that problem, side drifts in the tunnels. In other caes, we actually run
Figure 25 illustrates a high explosive simulation technique cables up to the top of the mountain to a mesa where the
frequently referred to by the acronym HEST. It is a high trailers that include the instrumentation can be parked. The
explosive simulator for producing airblast loads on surface complex of underground tunnels in Figare 29 is for the LOS
flush or shallow buried structures. It is a technique that has test "DIABLO HAWK".
been used since 1963 to test operational MINUTEMAN
facilities and many scaled structures. In this simulation Over the years we have examined many different tech-
technique the test object is placed in the earth either flush niques for producing underground structures - means of
with its surface or at some distance below and layers of drilling them, excavating them and means of reinforcing them
explosives are placed over the top of the structure. The as illustrated in Figure 30. We have had an ongoing program
explosive array is then covered with an earth surchsrge as a aimed at examining the integrity of these structures in an
containment mechanism to obtain the desired pressure time environment of nuclear produced ground motion.
history. A photograph (Figure 26) of the experiment being
assembled shows the foam which forms the cavity dimensions. Over the years it has always been appealing to consider
The strips you see in between the foam are for the explosive other means of protecting our pround based strategic systems
charges and above this will be placed the surcharge. than the current use of silos. As missile accuracies increase, it

becomes more and more difficult to obtain basing modes that
An illustration of a design to simulate the direct coupling are truly survivable to attack. I am sure you have often heard

of energy to the pound is shown in Figure 27. The test is reference to what is called a secure reserve force where some
referred to as MINE THROW. The test is designed by perform- assets could be protected over a long period of time to be used
ing calculations defining the pound motions from a nuclear in a protracted conflict. One such concept considered is deep
burst in the hydrodynamic region. From these calculations we basing. In such concepts a series of missiles, launch control
indentify a contour of constant peaked stress selected to cor- centers, and all ancillary equipment would be housed under a
respond with the contact premure between the explosive mountain or a mesa. The Defense Nuclear Agency is currently
and the ground medium to be used in the simulation. At each studying this concept in cooperation with the Air Force and
point along the contour, the pressme time history and the USDRE. There ae a number of critical problems which must
impuhe is determined from the nuclear event calculation; be solved including the method of egre. If this reserve force
then the explosive charge is shaped in such a way that it will should be housed for a number of weeks, when it is ultimately
reproduce as nearly a is possible the pressure history at called upon there must be some means of getting it out of the
specific impule along the chosen contour. The charge is mountain. Many of these concepts are to be studied in detail
ignited in such a way as to attain the mine arrival of the so that we will have a plan that is backed by experimental
detonation wave at the contour as the pround shock from validation so that if the decision is ever made to deploy such
the nuclear event. Most of our previous tests have indepen- a system, we will have the technology at hand to proceed.
dently tried to simulate the effects of crater induced pound
motion, upstream airblast induced pound motion, and local This is a small brush of things DNA is looking at today.
airblest. We are devising experiments in the future that will We feel a very strong commitment to support the Services.
combine theme effects by the combined use of simulators. We are not a management organization; DNA is a service
This is illustrated in Figure 28. organization. We are purple mited and take a serious view of

our responsibilities to all the people in the Department of
For almost a decade we have been using the horizontal Defense we work for. It is certainly my intention to keep it

line-of-sight underground (LOS) test to do many of our that way.
experiments in both shock x-ray effects and other phe-
nomena related to nuclear detonations. In this experimental
technique we bore a tunnel into the side of a mountain for
several miles.
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INTRODUCTION unnecessary rejection of equipment that is specifically intended
to be of lightweight design;this would therefore imply that

Qualification testing is thought by many people to be a qualification tests for such equipment should be developed by
rather routine endeavor, requiring only the application of some procedure that includes more directly relevant data.
well established procedures and techniques. In actuality,
however, qualification testing could hardly be more dynamic, In the nuclear power field the situation is quite different
representing as it does an interface between a multitude of in that the government sets only guidelines or intentions and
vendors, customers, testing facilities, regulatory agencies, etc., leaves the development of actual specifications to interested
each of whom is striving - but in different ways - to deliver profemional organizations. The testing agencies (private
an acceptable product at minimal incremental cost. laboratories) then develop the relevant test procedures and

techniques and provide a service to vendors (whose equip-
In the DOD field, these factors are ameliorated by the ment is being purchased by the A/E contractor responsible

fact that the specifications are essentially determined by the for designing and building a plant for operation by a utility
government, as are the methods of testing to be employed - company). The government is required to make final judg-
a stable situation, perturbed only (usually) by additional merts as to the validity of the qualification testing that has
technical considerations arising during the qualification been conducted, but often these are not rendered until many
testing itself as a consequence of new design features of the months after completion - an unstable situation. The yen-
product. Vendors account for the resulting additional devel- dors consider their products to be 'mature' and of proven
opment costs in setting product prices. reliability (under normal conditions) and have accordingly

priced them to be as competitive as possible; expenses in-
curred subsequently for qualification of seismic environments

QUALIFICATION TESTING FOR THE DOD are therefore to be minimized. Because this is a new industry,
vendors (and even plant designers) sometimes have limited

Background knowledge of dynamic environments and responses.

The need for a representative form of test demonstration The purpose of this paper is to demonstrate, largely by
of the capability of military hardware to meet the demands specific cases, the changing dimensions of qualification test-
of field environments has been given serious engineering atten- ing in the interests of both the DOD and the nuclear power
tion since World War 1I. 11] Even in the beginning, it was real. industry: In the one case the objective is "mission integrity"

* ized that various environmental parameters can influence this and is achieved principally through "generic" testing - the
capability (i.e., temperature, humidity, shock, vibration, etc.), environment is a "stable" one. In the other case the objective
and so there has been pursued an almost continuous program is "operational reliability" and is achieved mostly through
of research and development aimed at establishing guidelines "custom" testing - the environment is an "unstable" one.
for conducting appropriate qualification tests, and methods
for specifying these tests, for equipment manufacturers. These MIL-STD 781C [3] also gives standard guidelines for
efforts resulted in an extensive series of Military Standards vibration and other environmental testing where long term
(MIL-STDS) which have been updated periodically. Several reliability is the prime concern.
important concepts regarding test demonstrations have
evolved from this general activity, two of the most significant Unfortunately, it has become evident over the years that
being qualification (or proof) tests and reliability tests. the development of generic test procedures characterized by

MIL-SPECS and having the purpose of providing 'operational

MIL-STD 810 [21 has long been a most important source reliability' or 'mission integrity' has led in many instances to
of guidelines for writing environmental test specifications. A high rejection rates and higher cost through overdesign. This,
single failure during a qualification test usually constitutes in turn, has led to custom testing as a way to insure better
grounds for rejection and subsequent redesign or other modi. products at lower cost. This is achieved by the development
fication of the equipment. Often, such tests require time- of alternate methodologies for the development of test speci-
accelerated procedures in which the environmental stress levels fications; the application of such methodologies, however,
may be increased to compensate for reduced test durations. requires that vendors have good knowledge of the requirements
On the other hand, data given in MIL-STD 810 is generally rec- and be able to employ to full advantage the advanced analysis/
ognized to be quite conservative, and therefore can lead to measurement techniques required.
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Methodologies for the Development of DOD Test (2) time averaged power spectra were a useful way of
Specifications analyzing the data, again as shown typically in Figure 2.

Over the years, qualification and reliability tests have
been conducted in both field and laboratory simulations, in
either case the attempt being that of duplicating the antici- - - .
peed operational environments. Sometimes field simulations - -
alone can give a reasonable representation, especially when -
there is a substantial lack of knowledge about the significant - .-:
environmental parameters. Such field simulations are, how-
ever, usually quite expensive and therefore the trend has been-4
more and more toward the development of improved labora-
tory simulations. To provide simulations that include test -
procedures that are even more representative of the antici- j "'
pated operational requirement than are those of, say, MIL- '" .. ..I
STD-810 depends upon an improved data base. This in turn -
requires the careful acquisition and and analysis of field data
under representative operational procedures and the develop- .
ment of new laboratory test criteria from those data. This .
step is one of considerable complexity and requires consider- .
able engineering judgment. The following examples are in- 17

tended to demonstrate the evolutionary nature of improved
MIL-STDS and customized qualification testing.

Early vibration qualification tests for most hardware Fig. 2- PS plot f data (roa accelerometer No.65
were based on swept sine, and sine dwell tests whose specifi- inatomentation (code A)
cations could be developed from MIL-STD 810. However,
as one might expect, this type of test was particularly severe
on systems having significant resonances, and failures oc- This data showed that vibrational energy was dominantly ap-curred. If it was suspected that the true environment was less plied at the rotor pmge frequency (11 Hz in this case) andsevere than the one specified (as was often the case), one was several of its harmonics. Results of this type led to sine dwell
faced with acquisition of field data and development of a tests applied only at these frequencies, rather than at reso-
suitable alternate test. An example of such a procedure oc- nances of the specimen, and time duration of the dwells was
curred during qualification of the M200 Rocket Launcher made commensurate with the mission profile and a specified
for service on helicopter airframes. [41 It was first necessary number of minions. Ultimately, this work resulted in change
to acquire flight vibration data for these units, which also to recommended procedures for qualification testing of hel-
required the development of a mission profile. Analog taped copter external stores when MILSTD-810B was revised to
flight vibration data at anticipated critical locations were MIL-STD-810C; however, even these new procedures appear
then acquired for various maneuvers of this profile. Analysis to be still too conservative for more recent lightweight store
of these data led to two important conclusions: designs, and so the program has remained one of active

(1) data for some maneuvers were quite stationary (i.e., development.
levels and frequency content were constant with Another similar example, but for a ground vehicle vibsa-
time), while for others, such as turns and dives, the tion test specification development, was conducted for the
data were quite nonstationary, as shown in Figure 1 LANCE missile. 15,61 This specification included heating and

cooling as well as vibration tests. Originally, a swept sine test
was developed to represent the typical lifetime operational

.I6 I environment, but the vibration levels were complicated by
i 'the different environments cased by mode of transportation,

UIVE & PULL-OUTJ terrain, speed, etc. (Figure 3), and which resulted in early
.4 - -failures. Subsequently, the test was modified several times

: N vNOO and ultimately, a swept narrow bend random test was devel-

1.3 V - 18 V KN I IOTS oped which was shown to be more representative of the field
O IN KNOTS environment. Based on additional field test data, a completely

different test was developed which included broad bend ran-
V jk component represented eneargy input from the vehicle track

4 ~-iand varied with speed. Examples of power spectra from two
-O . - -.... different carrier modes on a gravel road are shown in Figure 4

' 1;F iii for truck and aircraft environments. These spectra were then
0 -* Is Is used as a criterion for a laboratory time4ccelerated test. An

example of a comparison of scaled field spectrum and labora-
TIE (wc tory spectrum for one axis and terrain condition is shown in

Fig. 1 - Mean-quaro accelerationa from AH-G flight tets, Figure 5. Test durations were again tailored to the corre.
vertical axia sponding service life.
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The foregoing two examples show how environmental
tests have developed in considerable complexity, but at the 10-.
same time provide a more representative simulation. Such I,
prorams are costly, but can be justified for widely used
systems. In order to develop further information on vibration
environments, other fundamental studies have also been per- re 11-3
formed [71 in which a model hardware specimen (MHS) was
instrumented to measure vibration, and was tested in several .aa

helicopter and ground vehicle environments. The specimen -9
represented an arbitrary hardware item (an assemblage of u
beams) with nautral vibrational modes randomly oriented in &W
space and freluency. Figure 6 shows some typical results of
vibration levels felt by each beam with the MHS secured in a W.W TL MODS
M35 Truck which has run over a ground vehicle course; the 0. liE--
strong character of nonstationarity of the data is aain Is 1118 m S
evident. A vibration test representing this environment was FREGUENCY - NI
developed by matching power spectra for individual parts of U-

the course, as shown in Figure 7. Again, the trend to addi-
tional complexity in the tests is evident; however, a more
exact simulation is achieved. ,-'

I-_i HAND-SURFACE ROADM

-% OR 72 MILES
31.7 HOURS -

S (h11b SPL MODE

15 IS U 2 24X26 e FREQUENCY - Ha
VEHICLE SPEED - MPH Fig. 4 - Power Spectral Density of Yuma Field Test Data -

Gravel Terrain, 10 MPH, Aft Bulkhead, Vertical Axis
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P-PAVE0S 3. MPH 6-42AVIL W3 "There has also been considerable attention given to the
EUMP3 MH ~2~ MINUAI -development of better laboratory systems for producing re-

33-SACED 9UPn1114 212IC AHNADIliability tests. For some time, there hss been an interest in
UM11-11ADAL UASHB@AED 16 MPH[ 19-1111.61 KtOCK 20MPH I the Army Test Methodology program to develope a vibration'Hf1U.9 HE system capable of producing vibration along several axes

6 simultaneously, as is actually experienced by field hardware.
Initially, the exact nature of the requirement for the multi-

-.. a, .L .132.4 HE axis shaker was unknown, so a typical radio specimen was
S - 'a, AA_ instrumented and flown in a helicopter under an appropriate

164.6 Ha operational plan. [81 Throughout these flights, excitation
LH vibration analog tape data was acquired at three points on the

*-radio face (where it was attached to the instrument panel),
mm and response data was acquired at one point on the back of
~ 'H 75. Hzthe radio. From the input-output data, a mathematical model

* -iA of the radio was developed using power spectra and cross
spectra. The mathematical model was then used to predict

48 HE1  radio responses for several different types of physical repre-
A. '~aiaAi~k~ A sentation of the excitation. An example of some result com-

* parisons is shown in Figure 8. It was found that a triaxial
jgg X.26 HEj system (three simultaneous independent orthogonal axes) for

~ ~ i1'~..4 il- '61 the shaker was most feasible. [ 9

Seer 27 2 H~ This development of a triaxial shaker system led to a
LL - concurrent program which was aimed at acquiring reliability

8.6 HE

1 2 4 6 8 16 12 10-1
TIME - MINUTES N KNOT HORIZONTAL FLIGHT

- 33 '2W G 1W2W UWFILTER BANDWIDTH, S 2.44 Hz22 'W 019'0 2 'W 6H DEGREES OF FREEDOn =64
Fig. 6 - Aversge Strain Level Varistion with Time Run No. 2A MHiS DIGITAL ANALYSIS

Secured in Aft Cargo Ares M35 Truck - Field Dats lDMESOA

jg203-DIMENSIONALAVRG
01-DIMENSIONAL AVERAGE

= ~a6-DIMENSIONAL RIGID BODY

SHAKER VERTICAL__ _ _ _

-2040

-4.A 10 i-4
-40~

I I-I

PA36 TRUCK 0
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. ~A~~frv~i,4 T"U - -
M -72 M N s 16 INT1
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N=162 DEGREES OF FREEDOM
Fig. 8 - Longitudinal response amplitude (Y4 0 and simulations for

Fig. 7 - PS0 of M35 truck on 2-inch washhoard OH 58A helicopter
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data to compare the effectiveness of several different types of I1-2
reliability environments. 110,111 Five different types of .
reliability tests were applied to five different sets of five
radios. Each test included operation of the radios and some
form of simulated environment. Vibration data were acquired is-
during flight, and this sequence was repeated many times for UIi
flight tests on the Sample Set V radios. This data was also i
used to develop tests for the Uniaxial (set 11) and Triaxial a 1s-'
(Set IV) radios. Figures 9 and 10, respectively, show samples
of field and laboratory triaxial data. Of course, matching of
time averaged power spectra for different parts of the opera-
tional sequence was used as the vibration test criteria. In ad- 10-
dition, one group of five radios (Set III) was subject to the Is10 IF IV
AGREE test specified in the B-version of MIL-STD-781, and FREQUENCY, Is
one group (Set I) was subject only to bench tests, where only 14- (
electrical operation was simulated. It was found that humidity _U

.6

1 IV-a IV

j |I Y-AXle

-

ll-a 1

I IV.IV
FREQUENCY, III

Is) X-AXIS l-'i
* 10-~C - I

110

Mis

Is1-*1 1 IF 1IVFREQUENCY, Ha

to) Z-AXIS
oSTRAIGHT LEVEL MINIMUM CRUISE

is IF 113li EFFECTIVE FILTER BANDWIDTH - 2.0 HsFREQUENCY, H DEGREES OF FREEDOM - 121
4b) -AXIS SAMPLE LENOIR = 64 SEC

IS_| Fig. 10 - Acceleration power spectra

i e-i

p- and nonunformity of personnel operations had a IM in-
u fluence in the results, while results for the vibration tests

10-*remained inconclusive. The prohibitive cost and time fori ifield testng is the driving force for continuing efforts along= the line of laboratory simulation just described.

Is if I-
FREQUENCY,14a QUALIFICATION TESTING FOR THE NUCLEAR POWERto) Z-AXIS INDUSTRY

STRAIGHT LEVEL MINIMUM CRUISE Backgpround
EFFECTIVE FILTER BANDWIDTH - 2.0 Ha
DEGREE$ OF FREEDOM - 1211 Recommended procedures for seismic qualification of
SAMPLE LENIGTH - 64 SEC nuclear plant equipment and components have undergone a

Fig. 9 - Acceleration power spectra from rapid development over the last several years. Although the
flight triaxial date general guidelines have remained relatively intact, the detailed
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procedures have changed significantly. These changes result accelerometers and three strain gage channels to measure
largely from reactions to individual problems that have arisen excitation and response data for the various tests. In prelim-
spontaneously in the various test laboratories during actual inary tests, the cabinet natural modes were determined by
qualification tests; unfortunately, the details are often buried resonance searches when mounted to the floor and when
in company proprietary test reports, and have rarely been mounted on a biaxial seismic simulator. Figure 12 shows
published for general evaluation. A major problem for seismic several of the prominent floor-mounted modes below 35 Hz.
qualification testing is that there is no operational data base! Typical transfer functions for the simulator-mounted searches

are shown in Figure 13 from which it can be seen that some
This lack of data base information further aggravates differences in frequencies occurred for the two different

difficulties arising from the fact that many organizations are mounting methods. Procedures for handling these differences
involved in the total qualification process. (121 The vendor during qualification tests have evolved as a consequence of
issues a contract for testing of a specific hardware item, with this data.
given test specifications, to a chosen test laboratory. The
specifications are written by the A&E firm to whom the The cabinet was subjected to a series of qualification
vendor is a supplier. In turn, the A&E firm must satisfy its tests, including biaxial independent and biaxial dependent
contractual requirements with the utility company whose tests for typical ground level specifications. Both random and
plant it is constructing; and, finally, the utility must satisfy earthquake signal sources were used to develop the drive
licensing requirements of the NRC. One of the few unifying signals for the simulator. Further, another series of tests, for
aspects of this qualification process has been that many floor level specification, was also imposed that included
interested members of these various organizations have served biaxial independent, uniaxial, sine beat, and sine dwell excita-
on the IEEE committees that have actively developed the tions. Both random and earthquake signal sources were again
guidelines for qualification. The NRC has, in turn, published utilized to produce a typical floor level test. Figure 14 shows
standards which either approve or supplement these guide- time histories for a typical biaxial independent random
lines. Unfortunately, the result of this somewhat convoluted ground level test run while corresponding required response
process is that there has been very little published research spectra (RRS) and test response spectra (TRS) are shown in
evidence to support the test procedures that have evolved. Figure 15. These response spectra demonstrate a typical, and

very important, problem; both Figure 15a and 15b show an
General guidelines for the conduct of seismic qualifica- excessive test zero period acceleration (ZPA) compared with

tion tests are specified by the NRC in Standard Review Plans. the required value. This problem has been discussed at length
(13,14] These quidelines require considerable supplemental in References 20, 21, 22, and appears to indicate over-conser-
explanation and, therefore, rely on standards written by vatism in the test, resulting from a mismatch of the response
committees of the IEEE. For example, IEEE 323 [151 is a spectra. This discrepancy may be a consequence of an insuf-
standard* which addresses general environmental require- ficient designation of tolerances required to achieve the
ments, while IEEE 344 [16] is a more detailed guideline proper ZPA, or can often occur because, indeed, no time
for seismic qualification of electrical equipment. It is further history can be generated that will match the RRS entirely!
supplemented by NRC Reg. Guide 1.100 [171, which recog- In any event, the effects of this "apparent" overconserva-
nizes the use of IEEE 344 for qualification of both electrical tism on test results needs to be evaluated.
and mechanical components. Such documents are further
supplemented by various other standards that apply to more Data from the individual runs during the various tests
specific equipment such as Valve Operators. [181 were correlated in terms of peak measured response (a;) as a

function of peak response (a1 ) predicted from the response
Although there has been little published hard data on spectrum. That is,

developments in seismic qualification, several review papers
have appeared. [ 19,201 These were followed by a further a* = 20r [H3 1 (Wr)[air
review (211 of research needs, which was based on observa-
tions during various seismic qualification tests. One research
program, that was based on experimental data throughout, where H3 1 is a transfer function and r is modal damping.and which sought out and identified specific problem areas, Examples of typical results are shown in Figure 16. This
recommended approaches for their solution and developed type of correlation indicates that reasonable agreement existsnew concepts for handling the qualification process, has also between measured responses and those predicted by shockbeen reported 1221. spectrum analysis. The principal discrepancy seemed to resultfrom nonlinearity of the transfer functions for the various

modes. A second type of correlation was developed in terms

Test Methods and the Response Spectrum Anomaly of average RMS response (i 3) as a function of average RMS
excitation (i 1 ). That is,

The following discussion is directed toward identifying
some of the problem areas presently occurring in seismic ii = A31al
qualification testing. The case to be reviewed involves an
electrical network control cabinet ( 22 1, although the results
are applicable to both electrical and mechanical equipment, where A 31 is a constant. Correlations of this type are applica-
in general, and to qualification by analysis as well as by test. tions of the equations developed for a general structural

system. [ 23] This also recognizes the RMS value as a useful
A typical electrical cabinet was subjected to a variety of measure of intensity, as has also been pointed out in Refer-

seismic tests that are currently recognized by IEEE 344-1975, ence 24. Examples of some of the results are presented in
and furthermore, by Reg. Guide 1.100. The objective was to Figure 17. In general, it can be seen that less scatter of data
develop data from which the responses to various tests could occurs for data of a given type of test run. Further, each test
be compared. Figure 11 illustrates the cabinet and instru- run having similar sustained damage potential falls on a cor-
mentation locations, the latter involving three triaxial responding curve, which helps point to the development of a

parameter which describes an all-around damage severity of a
*An updated version of this standard is NUREG 0588. given type of test. [ 251
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A very important anomaly which affects the criterion The possibility of an undertest was suspected when a
for matching or enveloping a response spectrum has recently time-average powerspectrum of theexcitation was computed.
been delineated [22]: it appears that enveloping of a response with the results shown in Figure 18b. It is immediately ap-
spectrum does not guarantee that all modes of structure will parent that there is essentially no energy in the input 13 Hz,
be excited properly during some tests, where from Figure 13a, it can be seen that the first fore/aft

bending mode of the cabinet occurred. On the other hand,
Figure 18a shows the RRS and matching TRS that was the RRS indicates that energy input and amplification should

used for one run on the electrical cabinet. This run involved occur at this frequency. Thus, a direct contradiction has
a ground level test in which motion was developed from a occurred. This can further be realized by looking at the date
random noise generator and a ±3 dB tolerance was allowed in Figure 19, which is based on the response acceleration at
in the matching below 20 Hz. Note that this tolerance was the cabinet top. Although the input energy peak at 7.5 Hz is
slightly exceeded at about 7.5 Hz. Nevertheless, the TRS amplified, again, there is no resonance at this frequency; in
envelopes the RRS at all frequencies above 3.4 Hz. Note also fact, there is no amplified peak in the response spectrum at
that the test ZPA exceeds that required by a factor of 3 so 13 Hz, where a resonance is known to occur. This is further
that this would appear to be a severe overtest; however, fur- evidenced in Figure 19b, where the response power spectrum
ther investigation will show that this, in fact, represented an shows no prominent energy in the response at 13 Hz.
undertest.
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In view of the above excitation response spectrum data SOME ADDITIONAL DISTINCTIONS AND PROBLEMS
(Figure 18a) alone, it would appear that a proper test has
been conducted; and, in fact, that a severe overtest has been Interactive Environmental Testing
employed. On the other hand, the additional data and the
power spectra in particular indicate that something is awry In general, environmental testing in the DOD area is
with the test, and an undertest has occurred. It must be performed prior to vibration, acoustic, and shock testing, and
emphasized that there is nothing special or peculiar about usually in that sequence. The purposes of the environmental
the time history used for this test run. In fact, similar results tests are to "age" the test item prior to subjecting it to
were found to be present for all ground level tests that were dynamics environments and to insure the ability of the test
utilized for signals generated from both random and earth- item to survive the specified environments. Environmental
quake sources. It is immediately obvious that this type of testing in the nuclear power plant area, however, involves
anomaly can affect most of the qualification tests that are subjecting the test item to the specified conditions both pre-
performed today. and post-vibrations testing. The purpose of the pre-vibration

exposure is again aging, while that of the post-vibration
exposure is to demonstrate that the test item can remain func-

Other Questions and Problems tional under postulated abnormal plant operating conditions
occurring after a "worst case" seismic event.

It is important to mention the current revision efforts of The sequence and type of environmental tests per-
the IEEE 344 Committee, as a way of outlining some of the fr e un e d lpe vieswmel thth the
other questions and problems that are evident. Generally, formed under DOD philosophies varies widely with both the
these deal with both analytical and testing areas of intended use and location of the test item; i.e., sheltered or
qualification. non-sheltered equipment, location within an aircraft, missile,

ground vehicle, etc., and whether the equipment is classified
as mechanical, electrical, armament, etc. In contrast, environ-There are several aspects of basic accuracy in enveloping mental tests for nuclear service have a fixed sequence regard-

an RRS with a TRS. The matter of margin deals with how less of the intended location of the test item; the test
much conservatism is inherent in an RRS even before a TRS parameters are, however, a function of test item location andiare specific as to both a given plant and location within thatdamping values more uniform. Tolerances associated with plant.
enveloping are also being considered because these have a
very pronounced effect on the costs of teats. The variety and sequence of environmental tests generally

to be performed for DOD and nuclear service are shown inAdequacy of simulated earthquake waveforms is of con- Figure 20. The DOD tests include a group of temperature and
cern. In both analysis by time history and in testing some
form of earthquake representation is generated; there needs
to be more evaluation of the potential methods of generating
the appropriate time histories. Associated with this is the ad- ROD NUCLEAR
dition of motion from other dynamic sources (i.e., valve
closure, etc.). How can these additional effects be properly PRE VIBRATION TESTS
added to those of an earthquake? tOW PRESSURE (ALTITUDEl THERMAL AGING

HIGH TEMPERATURE TEMPERATURE OPERATIONAL AGOGSpectrum intensity or damage severity is a very im- TEMPERATURE SIOCK PRESSURE RADIATIO. AGEG
portant concept. It is especially necessary to allow compar- TEMPERATUR.ALTITUDE
ison of the effects of one type of test (or assumed analytical
load) with that of another. It is especially important for SMA RADIATION ISUNSHINEI
SQRT efforts in evaluating prior qualification of operating RAIDTV

HUMIDITYplants. This also leads to the question of in-situ testing. FUNGUS WEATHERING
SALT FOG

Generic and type testing procedures need to be clarified DUST (FINE &AND)
more in detail. In particular, how effective is combined test
and analysis for qualifying a series of valves of different sizes? EXPLOSIVE ATMOSPHERE

LEAKAGE IIMMERSION EXTREME
ACCELERATION J ENVIRONMENT

Several areas of qualification by analysis are being con-
sidered for revision. As an exmaple, should some form of VISATION TESTS
partial experimental verification be included in all analyses?
Is this appropriate for qualification of multiple cabinet POST VIBRATION TS STS
combinations?

ACOUSTICAL NOISE ENVIRONMENTAL EXTREMES:
Various questions remain with regard to line-mounted SHOCK MILD ENVIRONMENTTEMPERATURE-HUMIDITT-ALTTUDE SEVERE ENVIRONMENT- LOCAequipment. Should torsional effects of valves on attached GUNFIRE VIBRATION MAIN STEAM LINE OREAK

pipes be included? Are narrow band random motion tests
more representative than the large amplitude sine sweep tests Fig. 20 - Comparison of Interactive environmental tests for DOD and
now in use? nuclear related component qualification tea's
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pressure extremes, a group which can be said to be related to iterative procedures in addition to the FFT and inverse trans-
weathering or outdoor environments, and a group of other form algorithms employed in linear control systems. There
specialized conditions; all of these precede the group of tests are several digital control system techniques now developed
characterizing dynamic environments. The nuclear environ- for shock spectrum enveloping. [26]
mental tests are intended to produce long term aging charac-
teristic of a 40-year service life and primarily in controlled Vibration test levels representative of operational DOD
indoor environments. Extreme condition testing is then con- environments are often now specified in terms of an accelera-
ducted after the dynamic testing to simulate abnormal oper- tion power spectrum (recall that the PSD spectrum is the
ating conditions in the plant. time average rms acceleration levels taken from stationary

random response time histories). The response spectrum for
earthquake simulation, on the other hand, is the peak re-

Frequency Range sponse of a series of single degree-of-freedom oscillators to a
nonstationary random time history input. During the strong

Vibration testing typical of DOD requirements involves portion of an earthquake event, a duration of approximately
frequency ranges representative of the environment produced 15 seconds, the time history is for the most part stationary.
by vehicles such as fixed and rotary wing aircraft, ground Using these facts, trends are underway in the nuclear industry
vehicles, and ships. The frequency ranges to be used in vibra- to employ a mapping between the two spectrum representa-
tion testing are specified in a few standards (MIL-STD 810C, tions. [27] This would allow methods for correcting an
MIL-STD 167, Ships) and are of the order 10-103 Hz. elevated spectrum for known levels of overtest and combin-

ing response spectrum on an energy basis. The nuclear in-
On the other hand, nuclear related vibration testing is dustry is historically response spectrum oriented; however,

relatively more complex because the frequencies depend there are studies in progress to supplement the specifications
heavily not only on the seismic event itself (1-35 Hz), but with corresponding strong motion PSD spectra.
on the attenuation or amplification of the dynamic environ-
ment provided by the response of the building structure in It is rather interesting to consider where in the DOD and
which the equipment is located. Other dynamic events, such aerospace areas the power/response spectrum specification
as the activation of steam relief valves, response of pipelines would be appropriate as well. One might consider those por-
to internal flow conditions, etc., may therefore extend the tions of a maneuver spectrum where a nonstationary vibra-
frequency range of interest up to the order of 102 Hz. There tion response would occur, for example, during a transition
are no general standards available to provide guidance in from one maneuver to another or during deployment of
nuclear qualification testing, and therefore test conditions weaponry from a flight vehicle. The importance of such
are defined by the many different A/E firms responsible for considerations stems from the fact that in a PSD spectrum
plant design. There are very wide differences resulting from the expected peak acceleration to overall rms level is usually
site specific considerations and even from differences in about 3.0 while values on the order of 5 to 7 can actually be
engineering judgment as to what constitutes conservatism, experienced in a nonstationary input such as in the earth-
After-the-fact evaluation and judgment as to the adequacy of quake event.
the testing procedures greatly aggravates the cost of com-
ponent qualification.
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REQUIRED DEVELOPMENTS IN STRUCTURAL DYNAMICS

Ben K. Wads
Jet Propulsion Laboratory

Pasadena, California

INTRODUCTION

First, you have to understand my background so when I we can take advantage of those to develop new areas of
cover the topics that require developments in structural dy- structural dynamics which would be contributory.
namics, you know from what viewpoint I am approaching it.

The other thing that I noticed was that, generally, many
I developed much of the information from my associa- of the developments were conceived by theoreticians. The

tion with NASA for the past 20 years; I spent the last 15 programmers develop programs, the experimentalists develop
years participating in discussions on structural dynamics needs experimental techniques, and the educators instruct students.
of NASA. About four or five years ago, NASA Headquarters When completed, they have looked at it from their own
formed a team comprised of various members from the perspective, and not from the engineer's point of view.
NASA Centers, and we visited many organizations in an Frequently the engineers are forced to use the products that
attempt to find out what industry felt were some of the these individuals developed. Today the developments are so
pressing needs in the area of structural dynamics. We visited expensive, like the development of the NASTRAN program,
a representative number of military aircraft, commercial for example, that it is very difficult to start over or to
transport aircraft, helicopter, and aircraft engine organiza- reformat the resulting product. It is becoming very expensive,
tions. We obtained a broad perspective of the needs from not only from the point of view of the total dollars spent,
industry, but also from the length of time it requires to develop some

of these tools. We estimate anywhere from one hundred to
As expected, each particular type of industry had certain five hundred million dollars per year being spent on structural

unique requirements. However, rather than to cover the dynamics at the current time. Many commercial firms who
unique requirements and needs of the various industries, I sell computer time estimate anywhere from 30%-50% of their
decided to cover subjects which would interest the broad total revenues come from structural dynamics or structures-
majority of the people here, not specific interests to indi. type analyses, so a lot of money is involved. Also, the soft-
vidual companies. I will talk about what I feel are some of ware is frequently fixed, again, because of the tremendous
the current and future needs of the vast engineering com- investment. There are many organizations, including JPL,
munity from an engineering point of view. that are not in a position to maintain their own software

programs because of the expense. So, we rely on commercial
In order to project the future requirements, I tried to firms which have a wide base of users to help support the

determine what some of the key developments were in the maintenance of some of these programs; this is a trend
structural dynamics area in the past 15 to 20 years which toward better control of their tools.

* significantly affected the engineers. There were only about
two, three or possibly four areas where I feel significant Many companies indicated difficulty in obtaining cor-
developments have occurred, and where the engineers can use rect solutions. An engineer must have a good idea of the finite
the output by-products. They were really determined, not by element method, to be able to take a blueprint and properly
new developments in the area of applied mechanics, but by model, to eliminate numerical round-off and convergence
developments in other fields which allow the use of some of errors. Many companies are finding that they have a very dif-
the information we already had. ficult time finding people whose answers they would believe.

In fact, many companies said, "Yeah, we have one or two
Ilon At the risk of contradiction I will name those two or guys that we trust to get the right answers." They might have

three developments; and again, this is strictly my opinion. 12 others who are just developing numbers, but that is under-
One was the finite element method which came out 20 years standable. We have structural dynamicists who know about
ago, and it was linked to the development of computers D-map statements and the like, but they have very little
which aided the engineers. Another development which feeling for what a structure is.
might fall in that category is the model component synthesis.
With the development of computers you suddenly had a In the future, the feeling is that getting correct answers
massive number of modes which had to be truncated in order will be one of the key items. In fact, if you look at one of the
to obtain solutions in a reasonable time. I think the third ars new requirements, nonlinear analysis will be very significant,
is in the ares of testing using the Fast Fourier Transform the reason being they are beginning to push the technology
packages which allow you to extract the mode shapes and the areas and the structures are beginning to interact more with
natural frequencies from test data. I am trying to project the their environment. Consequently, many more nonlinear
future developments that might exist in other fields, and how influences tend to be significant. This is not a situation where
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you can just add mass to keep it linear. For example, they are I think the engineers have lost much of the control of
trying to increase engine performance with higher speeds and the analysis because they are using complex "canned" pro-
lighter blades, which enhanced the flutter problems in the grams that many of the engineers do not understand in suf-
blades. Even today the problem in nonlinear analyses is how ficient depth to easily modify the output to concisely
do you know when you have converged on the right answer? obtained data to help establish validity of the results. Every
Often, the only criteria we use is, if the answer looks right, experienced engineer has an approach to condense data and
we must have converged. I think many othei organizations to evaluate the information to establish validity, which is not
will have the same problem unless they have something to documented and thus not transferred to the inexperienced.
guide their answers. Somehow part of the information should be incorporated

into a computer program so other engineers can use it to
One of the questions we asked four or five years ago at validate the results.

NASA Headquarters was, "What will the new software
package be in the future?" The general feeling is that it is One example of condensing data which are already in
too expensive. They will possibly have to get multi-govern- existing programs is to calculate the kinetic energy distribu-
mental sponsorship, if it will be sponsored by the government, tion in the mode shapes. Mode shapes per se are vector quan-
and that will be very difficult, I think. I have a feeling that tities while kinetic energy is really a scalar quantity. You can
there will be another tool, but I do not know what it will be. combine them. You can subdivide a system into as small a
And again, new requirements such as large space structures number of divisions as desired. A user can obtain a good
and nonlinear analyses will be very important. insight of the character of a mode shape from its kinetic

energy distribution by reducing the quantity of data and
properly selecting a subdivision.

CURRENT DEFICIENCIES
To help illustrate my discussion, I will use the results

I will concentrate on only a few of the current areas of of a modal test of the Viking propulsion system which was
structural dynamics requiring additional effort. One is to cor- performed about eight years ago. Figure 1 depicts the test
rectly calculate mode shapes and natural frequencies for com- setup which predominately consisted of two large, partially
plex structures. With massive stacks of computer output, it filled tanks held together by a series of structural members.
is not a matter of "Where do people sit these days, it is where Table I illustrates how the first two mode shapes were
to put the computer output." With the quantity of data (not described with a very few numbers which represents the
necessarily information), it is very difficult for analysts to percentage of the total kinetic energy per mode.
use their physical intuition to validate the answers. They do
not have access to the information in the concise form to Another method to reduce data is to calculate strain
allow them to use their physical intuition. energy distribution of a mode shape (scalar quantity which

PRESSURE
TANK

Fig. I - Original propulsion system model
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can be algebraically added). The data provide information necessary to help validate the results. The computer pro-
on the highly stressed areas of a structure for a particular gram can also be a repository of various methods and tech-
mode, and provide insight on structure elements whose stiff- niques used by engineers to check the results for the use of
ness characteristics strongly influences the mode. If interested the inexperienced.
in changing stiffness to influence the mode, you must not
concentrate on structure areas which necessarily have large The next topic is correlation of math models with test
displacements. For example, in the first mode of a canti- data. Analysts use sophisticated methods to develop very
lever beam, it is the base that has the highest strain energy complex mathematical models, and test engineers develop
and lowest displacement, whereas the tip has the largest advanced test techniques. To some degree the test results and
displacement and smallest strain energy. analysis never correlate. Often the goal is to update a math

model to match the test data. At that point many organiza-
Inertial reactions at the base of a structure of various tions recognize a problem. "How do you update a gigantic

mode shapes allows you to calculate all of the lateral, axial math model to match the test data?" They go to all that
or torsional modes which affect the interface loads. This trouble to obtain a sophisticated math model and test data,
information can provide valuable insight as to the proper sub- and very often techniques to update the math model to
set of modes selected for a response analyses. One shouldn't match the test data are not available. In an attempt to match
arbitrarily select the number of lowest frequency modes the first and second modes, the other modes diverge. I think
which can be handled by a program. Table 1I illustrates effec- this situation has occurred on most programs. We made a few
tive weight evaluation, trial runs to attempt to update the math model and soon

realized it was a long, hopeless problem to accomplish the
Some of the valuable checks to help validate the results task in a timely manner because the procedures were not

should be easily available to the engineer from a computer automated. It was usually an engineer attempting to guess at
program. One is the rigid body motion. For each mode shape, the required changes. You have a model in the computer so
a prescribed rigid body motion at its restraint will indicate let the computer help in updating math models to match the
ill-conditioning. As an example, if a unit motion results in test results. Some work has been done. Several organizations,
motion of all nodes > .99, the mode shapes are sufficiently including JPL, have worked in this area, but I do not think
accurate to use in modal combination analyses, whereas we have the solution. I have some examples to illustrate this
values < may result in ill-conditioning. The situation can which I will discuss later. Another companion question is the
be corrected by modifying the matrices to force near unity criteria for correlation. There is almost no work in this area.
translation or modifying the mathematical model or using We made an attempt to address the question at JPL several
more accuracy in the computation. years ago, but we have not pursued it, not because it was not

interesting, but because it was a tough problem. The tough
In order to provide condensed data for the engineers, problem is, "How close does a math model have to be to test

the computer programs must be adaptable to give each the data?" Should the frequencies be within 10% or 5%? The
information desired. This should include the option for an answer is not that simple. What will you use that model for?
engineer to select the subdivision for kinetic energy and strain If it is for a forced response solution, what is the nature of
energy distribution and to quickly allow other information the forcing function? If it is a transient-type forcing function,

Table I - Kinetic Energy Distribution, % of Total Kinetic Energy
MASS POINT ORIGINAL MODEL MODEL ORIGINAL MODEL MODEL

AND DIRECTION TEST ANALYSIS A B TEST ANALYSIS A B

MODE 1 MODE 2

X 23.6 34.0 46.0 37.3
OXIDIZER TANK Y 76.8 68.2 74.6 73.8

Z 50.1 35.1 18.7 27.8

X 13.8 16.7 21.3 18.0

FUEL TANK Y 18.0 24.3 18.5 19.1
Z , 0.7 2.2 1.8 2.8

Table II - Effective Weight Comparison, % of Total Weight and Inertia
ORIGINAL 6O80L MOOEL ORIGINAL MODEL MODEL

DIRECTION TEST ANALYSIS A 8 lTEST ANALYSIS A B

MODE I MODE 2

W, 31.6 44.7 60.7 48.5

WV  3.3 4.3 83.0 8.2 1.2 1.0 0 0

W, 0 0.2 0.5 0.5 27.2 15.5 7.3 10.5

1, "5.0 0 98.5 96.6 0 0.3 0 0

ly OD.3 92.1 95.) 9 .7

17 17.4 11.9 16.1 16.2
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then the correlation criteria differs from the criteria for a on the math model. Then we used iteration procedures
sinusoidal input. For instance, damping might be a significant which did allow convergence of the perturbed model to the
factor. In one case it is important, and in other cases it is not. original answers. So in a research sense, we found that if you
Is it for calculating accelerations? Is it for calculating internal used analytically perturbed models, many procedures devel-
member loads for structural design purposes? Those are two oped by various investigators do converge to the original
very distinct objectives. Are they to be used for control pur- answers.
poses? So again, depending upon how the data are used, the
criteria for correlation will differ. In our work, we took a Table V illustrates the convergence when we tried the
very simple case. We stated that we wanted the accelerations same procedure on real test data. We tried perturbing the
to within 10%, and we also stated that the forcing function math model in two ways to converge upon the test frequen-
was impulsive in nature. Then we were able to arrive at the cies. In Model A we perturbed the stiffness elements, and
correlation between the math model and the test data we once we did the best we could after changing the stiffness
needed to achieve accurate answers. I think there is very little elements, we perturbed the mass elements. In Model B, we
serious research going on in this whole correlation criteria first perturbed the mass elements, then we perturbed the
issue. I think engineers are always faced with that problem stiffness elements. We found that many of the procedures to
and they use either engineering guesses, or they proceed by update a math model with real test data do not work. I think
default because they don't have an alternative, the situation is that a math model doesn't contain the

information needed to converge on the test data, or there are
Table III illustrates some of the efforts we tried to nonsystematic errors in the test data which aren't present in

update the math model of the same propulsion system shown mathematically simulated test data.
in Figure I to match test data. Again, of the same propulsion
system. We grouped them into different groups of elements The next logical significant area requiring effort is to
called them ABCDEFG. We analytically perturbed these establish a criteria for "goodness" of the correlation between
elements by as much as 40%. Once we had the analytically analysis and test. Very little work has been performed in this
perturbed structure, we attempted to use the math model area. An example of a simple criteria is shown in Table V.
updating procedure to converge to the original answers. For mode 1, the difference between the test frequency and
Table IV shows the original frequencies and mode shapes the original and updated math models are shown in paren-

thesis as (0.58), (0.55) and (-0.47) which indicates an im-
provement. An overall comparison for the first ten modes
is shown at the bottom of Table V and it is the root-sum-

Table III - Perturbed Analytical Model Member Grouping square of the difference. They are 7.29 Hz, 3.52 Hz and
GROUP DESCRIPTION PERURRATION 3.62 Hz which indicates an overall improvement. We tried

many ways of establishing the criteria in addition to root
A SIDE B PLNOS. 4 OERS SUPPORnG TIe TANKS '4 sum of the squares which included absolute values, and

weighted values. Then we realized that the values of direct
a TOP IPOS. 4 MEMBERS SUPPORTING TIE TAWS -309 interest to us were not frequencies but dynamic loads which

IN A HORIZONTAL PLANE are used to establish design loads. Comparing the root-urn-

C 3-HOLE TANK TABS. 4 SUPERELEMENTS THAT FORM -301 square of the modal force coefficients of two typical
THE LIE BETWEEN THE SIDE BIPODS AND THE elements (Table VI), the errors increased as the difference in
RIGID TANK frequencies were decreased. The criteria for "goodness" of

D TOP SIAMSE TAW TABS SUPENEGLENTS CON- -2 correlation has not been established and most likely is de-
; CTING THE TWO TAWS AT TE TOP pendent on the unique requirements of the particular problem.

I BOTTOM SIAMESE TANK TABS, 2 SUPE ELEMENTS *4%

CONECTING TIE TWO PLANES AT TIE BOTTOM
Table V - Comparison of Test Frequencies to the

PUESSURANT TAWT ROUHNDEERs. 3 MERS M301 Original and the Improved Models
SUPPORTING THE PRESSURANT TAWT

TEST ORIGINAL MODEL MODEL A MODEL B
MODE FREQUENCY. FREQUENCY FREQUENCY. I 4SUENC Y,0 PRESSURANT CI)RTRTEi ASEA6BI.Y IPCA) SUPPORT *410 NO, Hr H ' Hz HZ

STRUTS. 4 MEMBERS SUPPORTING THE PCA ---- ___

I 12.95 12.17 13.50 13.42
10.58)" 0.551 (-0.47'

2 11.0 15 II 1 .5"9 17
Table IV - Frequency Convergence of Perturbed II1, I.0, 1.1,

Analytical Model 4 . D8, 181L
ORIGINAL PERETR5ED ITERATION 4 7.97 26.4 2.4 22.97

MMODEL ODEL 1-3.,21 (0.011 10. 001
MOD[ FREQUENCY," F ENCY. lol. 2nid, 3§V, ft. WI.

l z Hz RZ Hz I Hz 5 28.0 ?7.90 n2. )5 8. 34- 0.431 (-0. 0 , 4'0.01,

1 12.37 13.49 11.87 12.34 12.36 12.37 12.37 A 32.76 M.19 3.14 )2.76
2 15.85 i6.4 15.07 15.19 15.85 15.9, 15.95 (-1.431 I .0I 10.00,
3 19.37 20.29 19.51 19.34 19.37 19.18 19.31 7 42.80 ,42, 06 42.85 12.95

6 34.19 34.29 )4.0 34.26 M4. 17 4.20 34.19 02.981 (0. 09, 10.19,

8 0.0 49.6 4 5 . 0 4T.40 47.,? 41.99 47.9 1 ).99 1q 'S6 2.00

52.39 52.61 51.56 52.08 52.48 S2.41 52.39 12 65.38 60% 62. 43
10 W2.51 5.21 52.41 5.65 W.5 5.50 52.51 4.42,

11 6047 61.1 58.65 60.34 .40.30 60.3 80.47 RSS OF DIFFERENCE

2 A.96 64.23 ".4 61.21 61.26 61.05 60.% AL 1 MODES 4. 0.57 9.1fItSt 6 MODES 4.50 0.57 0.50

'R"TS( IAS TIM TEST DATA TO WHICH TI PERTURBED MODEl IS "THE VALUES i PA 0T-[S.- 5 R F1 TO Ill F DFRNCE TEST I 9
QINCY LESS MOGII ,0Q01N( .
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Table VI - Force Coefficients, Newtons

MODE NO.
MEMBER

NO. TEST vs ANALYSIS 1 2 3 4 5 RSS

4 TEST -2527.5 343.0 -1183.7 -237.1 -194A
ORIGINAL ANALYSIS -2548.4 502.2 -1055,6 -491.5 -186A 327
MODEL A -2977.8 768A -5355 -321.2 -437.1 932
MODELS -2930.6 689.4 -896.8 -307.2 -324.9 622

3 TEST -297.1 -387.4 379A 402.6 327.
ORIGINAL ANALYSIS -328.3 -488.0 323A 552.0 433.7 219
MODEL A -303.7 -619.8 77.0 345.2 543.1 442
MODEL 8 -332.0 -629.1 1871 354.5 486.5 352

For the lack of time, I will briefly touch upon other that will always be available. So in essence, we are going to
areas. The next topic is modal synthesis. There are computer computer centers to buy our NASTRAN, ANSYS, and other
programs, like NASTRAN, one can use for modal synthesis, programs because it is just too expensive for us to develop
One of the problems is that in order to use the modal computing capability and maintain the software. What is the
synthesis technique, unlike the finite element method, engi- next NASTRAN? Nobody knows, but I think more sophis-
neering judgement must be used, and it is very easy to make ticated tools will be required. The problems will be more
undetectable errors. The correct displacement functions must complex and there will be many more analysts attempting to
be selected; if you add erroneous displacement functions, solve these very complex problems. The lack of engineers
they may unduly constrain a structure which can't be easily today to obtain solutions to complex problems will be
detected. If you include dependent modes, the matrices enhanced in the future years.
become singular; there are many engineering errors that can
be made that go undetected. I believe that very few engineers One of the future requirements will be much more
have sufficient insight to the analysis process to get good reliance on analysis than there is today. One reason is testing
solutions using modal synthesis. Many of the "learned" is extremely expensive and becoming more complex. Struc-
process and check procedures should be incorporated as part tures that interact more with their environment will be more
of a computer program to document the experience, prominent in thp future because of the trend toward higher

pertormance or a high area to density ratio. Nonlinearities
Another topic is the accuracy of the response calcula- will become more significant to the design resulting in test

tions. Difficulty exists in approximately calculating the least difficulties because of the difficulty in separating the cause
upper bound of the loads within the structure subjected to and the effect. Large space structures will be another
a dynamic forcing function. This situation exists in attempt- problem because they cannot be tested on earth. Six years
ing to evaluate spacecraft loads from the launch vehicle (or ago JPL worked on a solar sail concept for propulsion. The
Shuttle) as the dynamic characteristics of the spacecraft are concept was to build a 0.35 square mile 1/10 mil Kapton
modified. sail and use the solar pressure for propulsion. One reason

the concept was eventually eliminated is that the dynamic
Another very important problem requiring work is the analysis performed without a system test was not adequate

"inverse" problem of determining the forcing function from to commit the solar mail for a mission. A system test couldn't
the response data. Although the mathematics of the solution be performed on earth. Thus I foresee requirements for
are not difficult and the "inverse" solution has been shown higher confidence analyses of large complex structures, test
to be valid on mathematically simulated cases, the procedure verified subsystems which are mathematically integrated into
has not resulted in satisfactory answers using real flight or a larger structure, requirements that are insensitive to
test data. I think the primary reason for failure is that the structural characteristics of the characteristics.
frequencies and impedances of the math model did not
adequately represent the real structure. I see a large number of problems and a number of dif-

ferent hardware and software tools available to the engineer
for solving them. The engineers will select the appropriate

FUTURE set of tools to solve a problem with the help of a control
activity to increase efficiency and accuracy. Preliminary

At JPL we ask, "What are the trends?" We are looking efforts to evaluate the cost is under study at Duke University
at this, and we are trying to determine where we should do to simulate the cost of parallel processing computation versus
our research, and in what areas we should invest some of our serial processing computation for user defined problems.research funds. One trend is toward distributed computing. Other objectives are to establish the cost advantage of paallel

lop We feel computing is going toward the small mini computers processing and to evaluate the potential cost savings of nu-spreadthroughout various facilities, and the big central comn- merical algorithms developed specifically for parallel process-

puting facilities are beginning to disappear. One of the activ- ing. An example may be the introduction of the relaxation
ities at JPL is to develop a VLSI for finite element compute- method of solving a series of linear equations.
tion in conjunction with parallel processing using our own
large integrated circuit design and fabrication facility. The We feel that artificial intelligence techniques, or some
objective is to increase the speed and accuracy for computa. way of feeding back information to provide solution gu".
tion to prepare for the future needs. Again, the hardware ance to the engineers about their proposed solution tech.
spreadve thogou in riuse facitispee and therac big ctaom-e wa lo r eeithm deek specifai call fotorle processol-ongud

costs are decresing, and software costs are increasing, both nique, or methods to help assure accuracy of the results,
for its development a.d its raintenance. We cannot afford must be provided with the analyses tools to solve the more
to maintain NASTRAN; we need experienced programmers complex problems with a larger arsenal of solution tools.
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We have helped develop a program by which an engineer want to knovr a prescribed value and properly put it into the
can interactively try different displacement functions to design, you wiU have a very difficult time predicting it. Yes,
describe a finite element to help establish the impact of the it is important, uut I feel there is little that can be done
assumption, except to use good engineering judgment plus past experience

to guess at some of the numbers.
In summary, I tried to cover briefly what I feel the cur-

rent problems are in structural dynamics from an engineer's Mr. Himelblau: Then why are we spending literally mil-
point of view. Using history as a guide, major future contri- lions of dollars to develop computer codes to determine
butions in structural dynamics will be closely related to mode parameters, with one exception, and why don't we put
developments in allied fields. We must provide the engineers any research money into the one factor that we recognize is
with added tools and proper information with adequate one of the major deficiencies?
feedback and flexibility to allow use of good engineering
judgement and intuition. Engineering judgement will still be Mr. Wada: I don't give out the money, but when you
vital to obtaining answers in the future, spend money, you are looking for the return on the invest-

ment. If I look at damping, the return of research is very
small or zero.

DISCUSSION
Mr. Himelblau: How large was the investment that you

Mr. Himelblau (Rockwell International Corp.): You gave for that return?
mentioned two of the more serious problems that we currently
face; one is the accuracy in response calculations and the Mr. Wada: It doesn't matter. If the return is zero, I
second, as you call it, is the inverse problem of determining don't think you should invest any money, but that is a
loads from response. But the real key is the lack of infor- personal feeling. There are specific special purpose dampers,
mation on damping, and I think this has been an issue that and there are many organizations that provide them. But I
has not been faced in the last 20 years or more with possibly think you are asking for research to predict modal damping,
one exception. It appears to me on the basis of all of the and we tried it. We tested riveted and bolted joints, and we
future trend prognostications that I've seen, including your found their damping was a function of manufacturing and a
own, that that issue is still going to remain unfaced. I'd like function of amplitude. There are so many variables that we
your reaction. couldn't even determine a trend. If you plot damping versus

design, it is just like a big shotgun blast, and the general feel-
Mr. Wada: I know how Harry feels. My feeling is that it ing was that it is so manufacturing-dependent that research

is very difficult to predict damping beforehand. You can do in that area just didn't seem to make any sense.
all the analysis you want, but from everything I have seen
damping is governed by factors such as joint slippage that Mr. Himelblau: So, you are saying that if we really
can't be predicted. So, even if you did a million degrees of can't get a handle on it, we should just try to ignore it.
freedom finite element analysis to predict damping you will
not get a better answer. I think it is the sort of situation Mr. Wada: No. No. No. You can't ignore it. You have to
where unless you actually build a damping device where you use your engineering judgement.

0.

0..

54



EFFECT OF SEALS ON ROTOR SYSTEMS

David P. Fleming
NASA Lewis Research Center

Cleveland, Ohio 44135

Seals can exert large forces on rotors. As an example, in turbopump
ring seals film stiffness as high as 90 MN/m (500 000 lb/in) have been
calculated. This stiffness is comparable to the stiffness of rotor
support bearings; thus seals can play an important part in supporting
and stabilizing rotor systems. This paper reviews the work that has
been done to determine forces generated in ring seals. Working
formulas are presented for seal stiffness and damping, and geometries
to maximize stiffness are discussed. An example is described where a
khange in seal design stabilized a previously unstable rotor.

INTRODUCTION SYMBOLS

Ring seals have received considerable study A defined by Eq. (22)
over the past dozen years. The principal reason
for this attention is the increasing importance a defined by Eq. (23)
of seals in affecting the dynamic response of
machinery. Large forces can be generated B seal damping coefficient
between shafts and seals; these forces can be
useful in supporting and stabilizing rotating
machinery. Conversely, improperly designed B dimensionless damping, Z
seals can promote instability. L D Vp-j-p

Figure 1 illustreates a ring seal. This BC
seal has the appearance of a journal bearing, so B dimensionless damping, 2
it is not surprising that bearing-like forces L D V/ypp
can be generated. Seals typically have larger
clearances than bearings; thus hydrodynamically
generated forces would be lower. (Stiffness, C radial clearance of concentric seal

which equals force/displacement, changes as the
inverse cube of clearance for laminar flow. Ce
Stiffness is frequently used rather than force dimensionless daming,
to characterize a seal or bearing.) However,
the pressure drop across a seal yields a
hydrostatic force which varies directly with the D seal diameter
pressure drop. This force can be quite large in
high-pressure machinery; for example, the E defined by Eq. (21)
intcrstage seals of the Space Shuttle fuel pump,
with a pressure drop of 140 bars (2000 psi) has F seal radial force
a calculated stiffness of 38 MN/m (220 000
lb/in.) []. G seal inertia coefficient

The purpose of this paper is to review the h local seal clearance
development of force determination in ring
seals, and to present the latest, most accurate K seal stiffness
methods of calculating seal forces.
Additionally, seal geometries to maximize KC
generated forces will be discussed. An example [ dimensionless stiffness, -
of seal effect on rotordynamic behavior will a-0
also be presented.
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L seal length 1. The sealed fluid is incompressible.

M leakage flow 2. Effects of rotation are neglected.

p pressure 3. Fluid flow is one-dimensional in the
axial direction, that is, any circumferential

q Rw/U flow is neglected.

R seal radius 4. The eccentricity is small compared with
the seal concentric clearance.

Re Reynolds number, 2CpU/v
5. The fluid friction factor is constant

throughout the seal.
ReI0 "sonic" Reynolds number, 2C V, P°POpUO 6. All flow is steady state.

u local fluid velocity 7. Entrance losses can be accounted for by
a suitable choice of loss coefficient.

U u for centered seal
8. There is no pressure recovery at the

V swirl velocity seal exit.
The analysis begins with the continuity and

W swirl ratio V/Rw momentum equations. These are given in [2] and
for invariance with time are

x,y transverse coordinates du

z axial coordinate

seal taper half-angle 1 d 2  du
-X + u(2)

y specific heat ratio - TT u

e eccentricity ratio e/c The boundary conditions are

n total entrance loss factor 1 + P = PO - npu22 at z -0 (3)

X friction factor

U fluid viscosity p = 0 at z - L (4)

entrance loss factor where n is the total entrance loss factor. It
is the sum of the pressure drop, pu /2, that

p fluid density occurs due to Bernoulli's principle, and the
pressure drop due to the developing velocity

o dimensionless seal length AL/C profile in the fluid. The value of n is 1.65
for laminar flow [3] and drops to near I for

angular velocity highly turbulent flow [4)

Subscripts: The solution to Eq. (1) is

0 upstream stagnation region u - constant (5)

1 seal entrance and to Eq. (2)

2 seal exit . .2
p l p(z l 0) -z (6)

ANALYTICAL PRINCIPLES
Applying the boundary conditions,In the earliest analyses numerous

simplifying assumptions were made. Later work ( , _L
removed some of these assumptions. In order to po . pu2  + (7)
aid in understanding how a high-pressure seal
operates, it is useful to go through the most
elementary analysis. For this analysis the list PO (L A . L(
of assumptions is, of course, the longest and P o - z (8)
reads

The total restoring force on the seal can be

found by integrating the restoring component of
pressure over the seal area
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2 w f L pressure drop and again the pressure profile
F = -R p cos a dz do (9) changes little with eccentricity. Thus the

JO greatest stiffness occurs when the pressure drop
due to entrance effects is comparable to that

The local clearance h is given by due to wall friction. This is similar to the
situation in externally pressurized bearings,

h = C(I + c cos a) (10) where for maximum stiffness the restrictor
pressure drop equals the film pressure drop. To

Invoking the small eccentricity assumption carry the analogy further, one could say that
c << 1) and substituting Eqs. the seal entrance is analogous to the restrictor
8) and 110) in (9), in a pressurized bearing.

F = wiRp0 L
2 nCcI(nC + 2AL)

2  (11) A SHORT HISTORY OF ANALYTICAL DEVELOPMENT

The foundations of seal force analysis were
laio by Henry Black and coworkers [5,6,7]. In

or, defining a dimensionless stiffness keeping with the assumptions listed above,
Black's analyses are one-dimensional.

K Ia F Essentially, Black looks at flow in a duct with
na 2(12) a wall which moves transversely; thus the flow-- L 2(n + 2a) is unsteady. The results consist of

coefficients for stiffness, damping, and
where inertia, such that the force on the seal is

given by

4 = xL/C (13) F = Kx + BA + Gl (14)

Having derived this simple expression for seal In [6], shaft rotation is accounted for by
stiffness, we can use it and the seal model to assuming that the entire flow field rotates at
gain some understanding of how the seal develops one-half the shaft speed. The fluid equations
its stiffness. Figure 2 shows the fluid are solved in a coordinate system which also
pressure in the concentric seal as a function of rotates at half shaft speed (with fluid being
axial distance. After an initial abrupt drop assumed to flow axially in the rotating
(due to the Bernoulli effect and entrance loss, system). A coordinate transformation then
Eq. (3), the pressure drops linearly to zero at yields an expression for forces on the shaft in
the exit. The clearance and fluid velocity are the x and y directions
uniform around the circumference.

Now consider what happens when the seal is Fx [K - 2]lx

moved to the side, Fig. 3. The clearance varies = -
around the circumference according to Eq. (10). F Bw K G.][
On the high-clearance side, the fluid can move Y

faster than before, and, conversely, on the
low-clearance side it has to go slower. The
entrance pressure drop depends on the fluid~velocity, so there's a greater initial drop onthe high-clearance side. On both sides, the o n (15)

pressure must drop to zero at the seal exit. -G. GThus the pressure profiles look like those

depicted in Fig. 3. The pressure is generally
higher on the low-clearance side, and this K, B, and G are the same as those for the
results in a force that tries to center the seal. nonrotating case. Black did, however, modify

the friction factor to account for the

Figure 4 is a plot of the dimensionless additional fluid velocity due to rotation. For
seal stiffness, K, versus the parameter a turbulent flow
which may be thought of as a dimensionless seal 2PU0\ 1/4 7 6 213/8
length. The entrance loss factor was chosen as = 0.079, 1 (16)
n - 1.1, which is a value representative of T)1
turbulent flow. For low values of a (i.e.,
short seals) stiffness rises with seal length. This form was suggested by Yamada [8). It may
A peak is reached, and then stiffness drops as be noted that the mean flow velocity U is not
length increases. This phenomenon may be known a priori; it must be found through
explained as follows: for very short seals, the iterative-soutions of Eqs. (7) and (16). In
entrance effect is the dominant pressure drop [7], the circumferential variation of friction
mechanism, that is, the sea] behaves somewhat as factor is accounted for; this results in a

an orifice. With wall friction playing such a substantial increase in the direct stiffness
small part, the pressure profile does not change coefficient Kxx (Fig. 6) but relativeiy small
much with seal eccentricity (see Fig. 5) and changes in the damping and inertia coefficients,
thus the stiffness is low. Conversely, for long compared with the constant friction factor
seals wall friction causes the bulk of the
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solution. As Fig. b shows, the rotational 4. Entrance losses can be accounted for by
velocity affects the results; stiffness rises as a loss coefficient.
rotational speed increases ano, as shown in [7],
damping decreases. 5. There is no pressure recovery at the

seal exit.
The works cited up to now have all used a Childs results [10] for direct and cross-coupled

small eccentricity analysis and presented stiffness and damping are given for turbulent
results for small perturbations about a centered flow by l
extended the analysis to obtain results for a 5= E 1

perturbation about a finite eccentricity xx yy n 2a ti o(k D) 2_

position. They employed numerical integration 2W
to obtain stiffness, damping, ano total load 2W1 - a)E -a i a
capacity for various seal eccentricities. In E a + (I - e- ) - + e-
another departure from earlier analyses, the K
authors of [2] neglected the time variation of
fluid velocity in the governing equations. This (17)
change simplifies the solution procedure but
inevitably introduces some inaccuracy in the
calculated damping coefficient (the stiffness is - vaLq
unaffected). In [1] this inaccuracy was found xy= -yx 20) 1
to be no more than 16 percent, with the
simplified solution overestimating the damping.

The results of the finite eccentricity + + - e- a )  + +

calculations showed that, in general, seal
stiffness and damping are not much affected by
eccentricity (Figs. 7 and 8). The exception is (18)
the damping in the direction of displacement,
where, as would be expected, the damping
coefficient increases considerably as the seal E o + A(I + 6E (19)
journal approaches the side wall. Seal rotation xx yy T7 (
was not considered in [2].

Effect of inlet swirl. - As noted above,
Black 16] accounted for seal rotation by = Z V/wLq
assuming that the fluid circumferential velocity xy yx D
is one-half of the shaft speed throughout the
seal. Actually, the fluid velocity only
approaches this limit asymptotically as it 2W1  [ a(e -a
proceeds through the seal. In applications +-T- ( 1 e_ ) (20)
such as centrifugal pump interstage seals, the a
fluid may enter the seal with little or no
rotational velocity. Furthermore, if the seal n
length is short, fluid rotational speed may E -2(n + Ba)(
differ appreciably from the half-shaft-speed
asymptotic value even at the seal exit. Thus
seal dynamic properties are likely to vary with A =1 + 3 (22)
the amount of inlet swirl present. The effect qz + 4
of inlet swirl has been investigated in two
papers, one by Black, Allaire, and Barrett [9]
and one by Childs [10]. The analysis in [10] is 0.75 2
the more comprehensive, as it solves the a = a + - (23)
short-bearing turbulent lubrication equations of q +4
Hirs [11,12]. Since several of the assumptions
listed in the Analxsis section need no longer be Also, q is defined as the ratio of journal
made, it is worthwhile to list those assumptions rotational speed to mean axial velocity,
still required by [10].

Rw
1. The sealed fluid is incompressible. q = (24)

2. Pressure-induced circumferential flow is The initial swirl ratio W1  is the ratio of
neglected (the "short bearing" approximation circumferential fluid velocity at the seal
[13]). entrance to the journal speed.

3. The eccentricity is small compared with VI
the seal concentric clearance. W1  IF (25)
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The swirl ratio approaches 112 as the fluid
proceeds through the seal; W1=1/2 implies the KI K1 J
half-journal speed assumption of Black and [Bh
Jenssen [6]. tB inite B hort 1 ' 0.6

While the expressions above appear EXPERIMENTAL CORRELATION
complicated, they can be programmed on a pocket
calculator or digital computer in a Experimental data, particularly dynamic
straightforward manner. Figure 9 shows the data, are very sparse. Black and Jenssen show
results of the calculations. The seal used for results of experiments in [6] and [7] for axial
these calculations has a length to diameter Reynolds numbers up to 20 000 and rotational
ratio of 1/2; the circumferential journal speed Reynolds numbers (based on half journal speed)
is 1/2 that of the mean axial fluid velocity, up to 14 000. Both unidirectional and rotating

load (due to unbalance) tests were run. In both
As expected, preswirl has a stronger effect papers, agreement between analysis and

for small values of a, the dimensionless seal experiment is shown as close, although the
length. The larger the initial value of analysis of [7] employed the local friction
circumferential fluid velocity, the smaller is factor effect while that of [6] did not. Childs
the direct stiffness and the larger the and Dressman [16] have presented preliminary
cross-coupled stiffness and damping, while results which show that measured direct
direct damping is completely unaffected, stiffness is generally a good deal higher than
Cross-coupled stiffness is usually viewed as predicted by [10] (to 90 percent) while direct
promoting instability. Small values of preswirl damping is much lower than predicted.
reduce Kxy and thus would appear to be
stabilizing. The authors of [9] point out that OPTIMUM GEOMETRIES
negative preswirl - the fluid revolving opposite
the direction of shaft motion - can result in Thus far it has been tacitly assumed that
negative Kxy and thus counteract the seal clearance is constant in the axial
whirl-producing forces elsewhere on the shaft, direction; in other words the seal has a

straight bore. From physical reasoning it is
State of the art. - This term is used with easy to see that the direct stiffness would be

some misgivings, as ring seals continue to higher if the clearance at the fluid exit were
received intensive study and new publications less than at the entrance. In [17) Fleming
appear frequently. calculated stiffness for seals with stepped and

tapered bores (Fig. 10) and determined optimum
Equations (17) to (20) presented above geometries to maximize either the stiffness K

appear to be the most comprehensive available to on the ratio of stiffness to leakage K/M. This
calculate seal stiffness and damping, requiring was followed with calculations for damping in
the fewest simplifying assumptions and tapered bore seals [1]. Figure 11 shows that
presenting results in explicit form. Results substantial increases in stiffness are possible
are limited to small displacements from the with an optimum taper configuration. The
centered position, but, as shown in [2], seal stiffness increase is obtained with only a
stiffness and damping are largely insensitive to moderate leakage penalty. The inlet-to-outlet
seal eccentricity. The source of Eqs. (17) to clearance ratio for the maximum K/M seal is
(20), [10), also presents expressions for nearly constant over the entire range of
inertia coefficients, but these are usually of dimensionless seal lengths (a) shown in Fig. 11
minor importance. having a mean value of 1.9. Direct damping is

lower in tapered seals as shown in Fig. 12.
Recently two authors have investigated This is principally because of the tapered seals

seals of finite length (thereby eliminating the larger average clearance (tapered and straight
short seal assumption) . In [14 the turbulent bore seals are compared using the minimum
Reynolds equation was solved numerically for clearance in the seal). More recently Childs
finite eccentricity ratios, using the finite extended his solution of Hirs' lubrication
element method. Childs, in [15), starts with equations to tapered bore seals [18]. His
Hirs' bulk flow equations [11,12], transforms results agree qualitatively with those of [1)
them to ordinary differential equations by small and [17). Childs considers variable inlet swirl
eccentricity assumptions, and integrates and rotational effects within the constraint of
numerically. Both references report that the the short bearing approximation; thus greater
short seal solution overestimates the seal accuracy would be expected.
coefficients with the error increasing for
longer (LID) seals. SEALS FOR COMPRESSIBLE FLUIDS

In this connection, Black and Jenssen [6] The flow of a compressible fluid (most
proposed correction factors for finite length commonly a gas) differs from that of an
seals based on an approximate analysis. The incompressible fluid in that changes in pressure
results of [14] and [15] indicate that these are accompanied by changes in pressure and
factors result in overcorrection. A more temperature. For flow through a seal - usually
accurate formula would seem to be approximated as adiabatic - as the pressure

drops along the flow path the density and
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temperature also drop, and the velocity tapered seal was no higher than that of the
increases. Except for the special case of a straight seal. Physical reasoning leads one to
converging-diverging channel, the maximum fluid question this conclusion.
speed is limiteO by the speed of sound. Thus
for some ratio of upstream to downstream In work by Burcham and Diamond £21] the
pressure the flow will become choked and hence tapered bore seal was far superior to an
unaffected by further decreases in downstream alternative seal, a Rayleigh lift pad design.
pressure. Both were floating ring seals, and the objective

was to determine the endurance of the seals
Fluid compressibility has a large effect on while maintaining satisfactory leakage control

the forces generated in seals. Stiffness and (i.e., minimizing wear). No internal pressure
damping coefficients are calculated for both measurements or force measurements were made.
straight bore and tapered-bore seals in [4] and In this type of test, the seal having a higher
[19]. All of the assumptions listed in the stiffness (higher centering force) can better
analy section apply, except, of course, that minimize the rubs which cause wear. The
compressibility is allowed; the fluid is assumed investigators noted that there was less seal
to be a perfect gas. Figure 13 shows stiffness wear when sealed pressure was higher. This is
of straight seals and optimum tapered seals for in agreement with the analysis, which shows that
choked flow. The abscissa is the seal a higher sealed pressure produces higher seal
clearance-to-length ratio C2 /L times a stiffness.
Reynolds number Reo formed using the speed
of sound for conditions upstream of the seal. SEAL EFFECT ON ROTOR DYNAMICS

Red = 2CP oPo/10  When significant forces (or equivalently,
stiffnesses) are generated by seals, the effect

* * The curves on the left are for laminar flow. on the shaft-rotor system is the same as if a
The nearly horizontal curves on the right are bearing of that stiffness were placed on the
for turbulent flow; there is a separate curve shaft. Consequently, changes in dynamic
for each value of C2/L. The left end of the response can be expected as a function of seal
curves for turbulent flow corresponds to a stiffness.
Reynolds number in the seal passage of 3000;
this is generally considered the lowest value An example of seal forces being exploited
for which one can be assured of turbulent flow. to favorably influence rotor dynamic response is
A Reynolds number of 2300 is usually taken as the high pressure fuel pump for the space
the upper limit for laminar flow. Points where shuttle main engine. The rotor of this pump is
Re = 2300 are shown for various C2 /L values shown schematically in Fig. 15. Three
on the laminar flow curves, centrifugal pump stages are driven by a

two-stage axial turbine. The rotor is supported
The surprising feature of the results is on two duplex ball bearings. Ring seals are

the negative stiffness predicted for low values used between pump stages. Originally, these
of C2 /L. This is analogous to the lockup seals were of serrated design (Fig. 16) to
phenomenon observed in pressurized deliberately reduce the forces produced, as it
gas-lubricated bearings. Negative stiffness was believed the cross-coupled stiffness would
could cause rapid failure of floating ring seals promote instability. In fact, other exciting
and would rarely be beneficial even for rigidly forces produced a subsynchronous instability
mounted seals. Tapered seal stiffness is always which began as the pump speed passed twice the
positive and generally much higher than straight first critical speed. Various modifications
seal stiffness. The optimum clearance ratio is were tried to eliminate the instability. There
near 1.9 for most conditions, as it is for was little success until the serrated seals were
incompressible fluids, replaced with smooth-bore seals [22]. With this

change the pump could be run to full speed
Damping is shown in Fig. 14. As for without exhibiting signs of instability. The

stiffness, laminar flow curves are on the left conclusion drawn was that the higher direct
and turbulent-flow curves (a separate one for stiffness of the smooth seals was largely
each C2/L) are on the right. Again, as for responsible for the stabilization and that the
incompressible fluids, damping is lower for benefit of higher direct stiffness overshadowed
tapered seals. Damping is minimized for the deleterous effect of the higher
clearance-to-length ratios of 0.002-0.005 and is cross-coupled stiffness. The effect of
higher for ratios outside this range. higher-stiffness seals can be quantified in one

respect by determining the effect on
Expermental data are again sparse, resonances. This is shown in Fig. 17 where

Hendricks [20] obtained pressure measurements resonant frequency is plotted as a function of
along the length of straight and tapered bore interstage seal stiffness for a rotative speed
seals in the concentric and fully eccentric of 37 000 rpm, the normal operating speed. The
positions. Because of the small number of stiffness of the original serrated seals is not
pressure taps he did not attempt to determine a known precisely; however seal stiffness has
net force generated by the seal; however, he little effect on resonant frequency for low
estimated that the overall stiffness of the values of stiffness. The first and second

resonances are 9500 and 19 800 cpm,
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respectively. When the serrated seals are 8. Yutaka Yamada, "Resistance of a Flow
replaced by smooth-bore seals, the resonances through an Annulus with an Inner Rotating
have risen to 13 500 and 23 000 cpm. Further Cylinder." Bulletin of JSME, Vol. 5, No.
increases occur if optimum tapered-bore seals, 18, 1962, pp. 302-310.
described earlier, are used. The two resonances
then are 16 000 and 28 000 cpm. These 9. H. F. Black, P. E. Allaire, and L. E.
frequencies are 70 and 40 percent higher, Barrett, "Inlet Flow Swirl in Short
respectively, than the resonant frequencies with Turbulent Annular Seal Dynamics."
the original serrated seals. Presented at Ninth Int. Conf. on Fluid

Sealing, BHRA Fluid Engineering,
CONCLUDING REMARKS Leeuwenhorst, Netherlands, 1981.

Significant forces can be generated by ring 10. D. W. Childs, "Dynamic Analysis of
seals; film stiffnesses as high as 90 MNi Turbulent Annular Seals Based on Hirs'
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turbopump ring seals. These forces have been J. Lubrication Technology.
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described. An example showed the effect seals Lubrication Technology, Vol. 95, No. 2,
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MACHINERY VIBRATION EVALUATION TECHNIQUES

Ronald L. Eshleman
Vibration Institute

Clarendon Hills, Illinois

Direct frequency analysis of vibration signals is
commonly used to evaluate the condition of machinery.
This paper is concerned with this technique, its vari-
ations, and many other techniques available for ma-
chinery vibration evaluation. The techniques described
and illustrated in this paper involve the time and fre-
quency domains, orbital motions, transient tests, and
parameter analyses -- either calculated or measured.

INTRODUCTION TIME DOMAIN ANALYSIS

The evaluation of machinery vibra- Until recently wave analyzers and
tions involves a knowledge of equipment fast fourier transform computers were in
design parameters, testing and/or compu- such widespread use that diagnosticians
tational techniques, and appropriate tended to rely solely on the frequency
test equipment. domain (vibration amplitude vs fre-

quency) for vibration analysis. How-
To conduct an effective analysis of ever, valuable information can be ob-

a machine's problems it is essential to tained from the time domain (vibration
have a thorough knowledge of the equip- amplitude vs time); fortunately, its
ment design characteristics, its instal- advantages are becoming more widely
lation state, and its environment. The recognized. Direct differential time
forcing frequencies that result from measurement is given as a digital read-
equipment wear, faulty installation or out on some of the new analyzers and
manufacture, and design are required. oscilloscopes. Such readouts allow
The mass, elastic, damping characteris- accurate identification of the period of
tics that affect natural frequencies, vibration events. In the discussion
mode shapes, instabilities, and thermal that follows, examples of both steady
and structural response enable in-depth and transient vibrations are given to
analyses. These parameters and condi- illustrate some of the uses of the time
tions should be obtained prior to ma- domain.
chine evaluation.

Vibration events that are either
The development of sophisticated synchronous or nonsynchronous with

electronics, practical mathematical speed can be observed and analyzed in
algorithms, and reliable transducers the time domain. An example of a non-
has provided the tools for machinery synchronous vibration signal is a
vibration analysis. In fact, the avail- second harmonic of line frequency in an
ability of machinery vibration evalua- electric motor. It will move gradually
tion parameters, techniques, and equip- with respect to the fundamental oper-
ment raises machinery vibration analysis ating frequency of the motor in the time
from an art to a science. domain. Misalignment and other common

mechanical problems are synchronous with
This paper is concerned with ma- shaft frequency. The nonsynchronous

chinery vibration evaluation techniques. harmonic can be evidence of environ-
The techniques descussed in the paper mentally-induced vibration from adjacent
are summarized in Table 1. equipment.
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TABLE 1

Machinery Vibration Evaluation Techniques

Technique Use Description

Time Domain Analysis parameter identification amplitude vs time

condition analysis

fault diagnosis

Trend Analysis condition analysis amplitude vs extended
time

Frequency Domain Analysis parameter identification amplitude vs frequency

condition analysis

fault diagnosis

Orbital Domain Analysis condition analysis relative displacement
of journal in X-Y

fault diagnosis coordinates

Transient Frequency Analysis

Bode Plot parameter identification amplitude vs speed
phase angle vs speed

Polar Plot condition analysis amplitude and phase vs
speed

Cascade Plot fault diagnosis amplitude vs frequency
at various speeds

Interference and Lund design analysis frequency vs operating
Diagrams speed showing excita-

tion and natural fre-
quency interference --
damping given on Lund
diagram

Critical Speed Map design analysis variation of critical
speeds with shaft/bear-
ing/foundation stiff-
ness

Stability Map design analysis stability parameter vs
eccentricity ratio --
logarithmic decrement
vs rotor speed
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The frequency of the spikes in a applied must excite the appropriate nat-
time domain measurement can be used to ural frequency. In addition, in systems
determine the number of cracked, in which the natural frequencies vary
chipped, or otherwise defective teeth on with speed, the bump test is not useful.
either a pinion or a gear. Figure 1 A bump test cannot be used to obtain
shows large spikes in a time domain mea- natural frequencies of machines with
surement made on a gearbox with a broken hydrodynamic fluid-film bearings because
tooth on the pinion, the bearing stiffness varies with ma-

chine operating speed. The bode diagram
N x m (once per revolution vibration and phase

= 0 angle) is a better means for determining
critical speeds and thus natural fre-

= frequency of events, Hz quencies. Machines with such large over-
where: f hung disks as fans, impellers, and pro-

pellers have gyroscopic effects that
T = measured period of events, alter apparent dynamic properties. If

sec they are rung while not operating at
speed, the natural frequencies obtained

m = number of chipped or cracked are incorrect because the gyroscopic ef-
teeth fect stiffens the rotor and raises the

natural frequency. Although rotors are
N = speed of pinion or gear often lifted out of machines and rung to

obtain their natural frequencies, only
The pinion speed was 207 RPM. The pe- the natural frequencies of the rotors

Sriod of the impacts is are obtained -- not those of the system,
and it is the system natural frequencies

T= 8.6 Div (meas. from fig.)x 0.2 sec/Div that are important. Pedestals, bear-
6 cycles ings, supporting foundations and even

large overhung couplings can alter
T = 0.29 sec f = 3.45 cycles/sec system natural frequencies and critical

speeds.

M 0f 60 x 3.45 1.0
N Figure 2 shows that the natural period

of the predominant vibration is 32 ms.
From the time domain the natural fre-
quency is thus

T = 0.032 sec

- =1 31.25 Hz

This frequency can be verified by ob-
serving the frequency domain in Figure
2. The damping ratio (a measure of vis-
cous damping) can be calculated from Fig-
ure 2.

Figure 1. Seven Revolutions of a Jack in
Shaft Pinion.2 time - 0.2 6 = n In
sec/div, amplitude = 0.5 n

volts/divl 6 = logarithmic decrement
n - number of cycles of vibration

These calculations show that one tooth xo = amplitude of vibration on the
defect is present on the pinion, initial cycle

* Xn = amplitude of vibration on the nth
Time domain measurements can also cycle

be used to determine natural frequency in = natural logarithm
and damping from a bump or ringing test.
Figure 2 shows the result of a bump test 2 c-c_
on piping. The decay of the vibration cc
amplitude after the bump can be repre- cc exact
sented by the logarithmic decrement, 1 C
which is a measure of system damping. 3c)

Bump tests have their limitations, 6 2 7- for c "
however. The site at which the force is cc cc
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Figure 2. Bump Test on Line Shaft Turbine Piping
(courtesy of James I. Taylor)

6 = logarithmic decrement such as hours, days, weeks, or months.
It can be continuously or periodically

= damping ratio recorded. Information on time to fail-
ure is obtained by extrapolating the re-
corded data. Generalized techniques for

If c/cc = 1, the system is crit- extrapolation of data have not been de-
ically damped and no vibration will veloped due to the complexity of ma-
occur. If c/cc = 0, no damping is ob- chines and their installations. Suc-
tained. Some typical damping values cessful trendinq results from knowledqe

of the wear-vibration characteristicsare: rubber = 0.05, steel = 0.001, and o pcfcmcie.Fgr hw
fluid film bearings = 0.1 to 1. of specific machines. Figure 3 shows

an example trending chart for the degra-

The logarithmic decrement for the dation of babbitt in a bearing undergo-
piping example shown in Figure 2 is ing electrical erosion.

=1 286 l~in T = 2.33

FREQUENCY DOM4AIN ANALYSISc_ 6
c = 0.37 Frequency analysis techniques have

provided a well used means for identifi-
The damping ratio of 0.37 indicates a cation of vibration faults since the
moderately damped system that will be development of tunable analyzers with
responsive to a forcing function, band pass filters. These techniques

have been extended from direct single
frequency identification to sum and dif-

TREND ANALYSIS ference frequency analysis as a result
of the evaluation of real time analyzers

The trend display is an extended with zoom or translator capability. The
time display of a key measured parameter zoom feature provides the expansion of
such as average, peak, or rms vibration the frequency domain so that sidebands
velocity or acceleration, peak to peak can be resolved.
displacement, temperature, or pressure.
Trend data is obtained from monitoring
and recording data at specific intervals
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Figure 3. Trend Plot of Deyradation in Babbitt Thickness Due to Electrical Erosion
(After Exsenmann2

Resonance Tests Modal analysis of a structure can

be obtained using a swept frequency

Frequency analysis of structure and spectrum analyzer or real time analyzer
machine components where no continuous and a reference meter. The reference
source of excitation is available can be meter is used to ensure constant excita-
made by ringing the component or system. tion application as the transducer is
The system natural frequencies are ob- moved across the structure. The fre-
tained using a swept frequency spectrum quency analysis techniques to be dis-
analyzer (excitation must be applied cussed follow.
continuously) or a real time analyzer.
Care must be exercised in ringing ma- Direct Frequency Identification
chines which have gyroscopic effects of Single Frequency
large disks and fluid film bearings. Single Frequency with Truncation
These effects make machine natural fre- Beats

quencies a function of rotor speed. Multiple Frequency
Natural frequencies obtained by ringing Pulses
will be those of the stationary machine
and not those of the operating machine. Sum and Difference Frequency Identi-

fication
Truncated Beats
Truncated Multiple Frequency

F Machine V

Figure 4. Vibration Response to Forcing Function in a Linear System
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Direct Frequency Identification are present (Figure 6) which are not
close in value, their frequencies will

Vibration analyses conducted to be given directly if the vibration
determine machine faults are concerned sensor measures the sum of the two sig-
with the forces which cause wear, fail- nals. If one signal modifies the am-
ure, and inferior performance. Unfortu- plitude of the other signal then sum and
nately, these forces cannot be measured difference frequencies, not directly
directly -- only vibration response. relatable to the forces, will be ob-
Fortunately, in a linear system (Figure tained (Figure 7).
4) the frequency of the response is
equal to the frequency of the force. The pump has four vanes on the impeller.
Thus forcing frequencies can be identi- This is a characteristic spectra of pump
fied directly -- particularly when a starvation. The fundamental is gener-
minimum number of frequencies are pres- ated by unequal amounts of water in each
ent. When the system stiffness becomes vane (unbalance) and 54.4 Hz vane pass
nonlinear truncation occurs and higher frequency is generated by the impeller
harmonics of the basic forcinq frequency vanes hitting the water.
are present. This situation usually
indicates the presence of a fault such
as misalignment, looseness, or exces- Figure 8 shows schematically what
sive loading. Figure 5 shows higher happens when impulse type loadings are
harmonics caused by excessive loading applied to machines. The impulse will
due to mass unbalance in a steam tur- excite a natural frequency of the sys-
bine operating near a piping resonance. tem. When the defect becomes large, the
The bearings are forced to operate in natural frequency will be modulated
the nonlinear region yielding higher (sidebands) with the repetition rate of
harmonics. When multiple frequencies the event.

-,-

A

2Y 1 -

--L.A,~

Figure 5. Vibration of an Unbalanced Steam Turbine Near a Piping Resonance
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Figure 7. Frequency Domain Record of Line Shaft Turbine Piping Vibration
* (courtesy of James I. Taylor)
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Figure 8. Response of Mechanical System to Impulse Type Excitation
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Sum and Difference Frequency Identifica-
tion DISilLACE MEN f

Increased complexity of rotating
machinery and higher demands for speed
and power have created more complex vi-
bration problems. Vibration instrumen-
tation provided through the development
of electronics offers the practical
capability to perform sophisticated fre-.
quency analyses of such complex vibra- -Ii
tion signals. This paper is concerned
with machinery faults such as heavy
loading, nonlinearities in stiffness, I I
antifriction bearing and gear defects, %
oil whirl, rubs, trapped fluid, piping \ /
excitation, mass unbalance and torsional 1 IONCA1O0J
excitations which often can be related LEVEL
to measured sum and difference frequen-
cies. A mechanism for the occurrence of
these phenomena, first explained by
Ehrich [4] who studied the interaction Figure 9. Hypothetical Vibration Re-
of mass unbalance and trapped fluid in a sponse Exhibiting Beat
rotor, is described and related to prac- Frequency
tical machinery faults and their sever-
ity. Engineering judgments based on
understanding of physical phenomena are
still needed to provide the diagnosis
and means of correction of these rotat- Figure 9. This truncatior results from
ing machinery problems. misalignment, looseness, and stiffness

nonlinearities in many machines.
Mechanisms

The truncated waveform is a peri-
The vibration response shown in odic function of the beat frequency

Figure 9 is a truncated beat generated (-2-1), thus it can be expressed as a
waveform. The beat phenomenon is a series of harmonic functions using a
periodic pulsation in vibration ampli- Fourier series. Spectral analysis of
tude due to the addition of the simulta- this physical situation yields a number
neous response of equipment to two base of discrete sum and difference frequen-
excitation frequencies .1 and 2. cies depending on the exact shape of the

vibration response. A mathematical
v = a sin .It + a sin -2t analysis of this signal in the time

domain was published by Ehrich [4]. The
where: v = vibraLion signal (volts) truncation of the "beat frequency" in-

duces strong harmonics at sum and dif-
a = amplitude of signal (volts) ference frequencies ( ,+_) and -

Frequencies in the range of third har-
= frequency of component I monics -- (

2
(+,;) and (.1+2.;) -- are

(rad/sec) generated. In addition, the sum and
*difference frequency components are ac-

= frequency of component 2 companied by side band frequency compo-
(rad/sec) nents separated by (.-)from the

center bands. Table 2 shows the pattern
t = time of frequency components which evolve

from this analysis.
If rearranged, this equation gives an
apparent vibration signal at a mean fre- Figure 10 contains a schematic rep-
quency (..+.2)/2 and a pulsation in resentation of the p.rocess -f generation
amplitude (amplitude modulation) at the rf sum and difference frequencies in
difference frequency ( -.. ) . Or the rotating machinery. Excitations such as
former equation can be written in the mass unbalance, antifriction bearing and
following form: gear defects, oil whirl, trapped fluid,

and rubs cause rotor vibration at dis-
v = a cos (. -. )t sin (.;+. )t crete frequencies on the rotor. Due to

misallqnment, looseness, and stiffness
nonlinearities the stator vibration

In order to obtain a number of sum waveform caused by the rotor vibration
and difference frequencies the beat is truncated. The truncated beat time
waveform must be truncated as shown in domain siqnal yields sum and difference
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TABLE 2

Pattern of Frequency Components in Truncated Beat
Frequency Wave Form (After Ehrich4)

Side Band Center Side Band Harmonic
Frequencies Frequencies Frequencies Zone No.

-- 0 (2-J1) 0

(2. :- 2 ) ' 1 -.2 (
2  

2 -t ) 1

(3. -:. 2 (1+ 2) 2-2 (3W 2- i ) 2

(4,:-,z) 3
.1 (2 .+"2) (-1+2W2) 3w2 (4W2-,)1) 3

etc.

iAN 9EFCTS 7

BEAR:NG DE ECT ROTATING

LCSum 
and Diffrence

rca I ',Frequencies

Misalignment IV ration.Rs? -

EXC TATION MACHINE SYSTEM ' ; VIBRA'TION RESPONSE IN

Figure 10. Rotating Machinery Fault Diagnosis UsingSum and Difference Frequencies
(Eshleman 5I)

Irequency. frequency. Figure 11 shows a comparison

of the spectrum and time domain plots to
the orbital plot for the exhaust shaftORBITAL ANALYSIS motion of a gas turbine.

The orbital plot, such as shown in

Key ~ ~ ~ ~ ~u phsaakrsso h nce per ernc spee. cTesedtcabeudfo

Figure 
1, 

shows the actual relative TRANSIENT FREQUENCY ANALYSIS
oftion of the shaft. The presence of

loops in the orbit indicates forward Coast down anu start up tests pro-
(internal) and reverse (external) whirl. vide machinery vibration data at variedKey phase markers show the once per speeds. These data can be used for

revolution motion of the shaft. This parameter identification, critical
allows the identification of the whirl speeds, natural frequencies, and damping
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Figure 11. Exhaust Shaft Motion (After Eisenmann 6)

constants. Vibration data are filtered

using a synchronous tracking filter.

Polar/Bode Plots

The polar plot (Figure 12), also
called a Nyquist diagram, is a plot of
amplitude versus phase during machine
start up. This plot is made by plotting

* the real and imaginery components of the
vibration as speed increases. It shows
the system resonances and critical
speeds, as loops, more distinctly than
the Bode plot (Figure 13). The Bode
plot is the conventional plot of ampli-
tude and phase versus speed during ma-
chine start up. These plots are used to
determine machine critical speeds and
structural resonances during start up
and coast down. The mass unbalance is
used as the excitation and the true ma-
chine characteristics are obtained. The
polar plot can also be used for balan-
ing.

Cascade Plot

A cascade plot (Figure 14) or vi-
bration amplitude versus frequency Figure 12. Polar Plot (After Eisenmann 6 )
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(spectrum analysis) for varied machine
speeds is used for convenience in direct

"----I I 7 14 frequency identification. It allows
£ IC Ll i " ltracking of each order of vibration

through the machine speed range. Today.-i _. l.i . .' I| ' j .this plot acan onbe made on machine start
--- -up or coast down using a digital com-

puter (for data storage and/or analysis)
a spectrum analyzer, and tracking fil-

l- T I ters. Previously data were required to
-- _+_- -1 - I I be obtained at individual steady oper-

S.'ating speeds or by tape recording during
Z4 - - transient conditions.

.\INTERFERENCE AND LUND DIAGRAMS

... -- ,i...... L -i " ' . ... "1The interference diagram, which isa plot of excitation frequencies versus
natural frequencies (Figure 15), is a
good design and analysis tool. It shows

the proximity of the excitations to the
natural frequencies and thus identifies

0.--_- _ .... sources of potential problems (critical
* i -iW i. speeds and resonances). The Lund dia-

1 0 $ - - - gram, Figure 16, is more exact for this
T ,Tnt g-.,.,l, ,e

IIV purpose because it shows the damping at

Figure 13. Continuous Bode Diagram of
Rotor Displacement During6  3r-rAT URL
Start Up (After Eisenmann ) FREQUENCY

f 4th 2nd Znd NATUPAL
trdl 1ORDER ORDER Ist ORDER FREOIUECY

9. 1 1 I

I ,1

"I E i

9.0 - 0

8.5 1- F

a.0

.0 A.CRITICAL
a16 I SPEED

6. 11 A A SHAFT ROTATING SPEED (RPNI)

6 -~___ __I Figure 15. Interference Diagram for a
, * Shaftinq System

3each "interference". If the system is
....0 . 1 overdamped at the "interference", no vi-

-. -, bration problem is expected. Thus onlyS-the strength of the excitation is un-
2.0 ... _ known. The log decrement is identified

- at each speed. In this example of an
. . - ,8 stage compressor the synchronous ex-

citation from mass unbalance is identi-
0.5 - fied by a dashed line. This chart shows

_.. ._.._.._.__ _1__ that the natural frequencies of the sys-

FREQUEKNC- Cycln/R/nut X0
-
3 tem change with speed -- due to the fact

Figure 14. Cascade Spectrum Analysis that fluid film bearing stiffnesses
of Rotor Displacement change with speed. Four interferences

During Start Up (After shown on the chart show four possible
Eisenmann 6 ) critical speeds -- first mode with
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* Fiqure 16. Damped Natural Frequencies
of 8Stage Compressor in

-* ~Plain Cylindrical Journal *~ I:
Bearings (After Lund7 ) to t

forward precession at 2748 rpm (6=
.857), first mode with backward preces-
sion at 3637 rpm (6 =2.08), second_ :
mode with forward precession at 4180
rpm (6 = 2.27), and a third mode with o
forward precession at 6840 rpm (6 =.

80.7 ~CRITICAL SPEED MAP -II

The critical speed map (Figure 17)-
is obtained from a computer program at-
which determines the natural frequency 01 . .
of the machine system as a function of -
bearing/foundation stiffness and shaft -0
size. This type plot is used to deter-a
mine the effect of bearing and shaft )LD Ostiffness on critical speeds. A ma- L/ 00 0O
chine chronically sensitive to mass un- (O110
balance may be operating near a crit-
ical speed. This type analysis gives -3-LOSE SEARING
information on critical speed changes --- PAIN JOURNAL BEARING
through bearing alteration. Figure 17 ----- lao. LONG BEARING

* S. ~shows how the bearing stiffnesses--AILROE AIN
change with speed and the mode shapes -- -i XILGOOEBERN

at the various critical speeds. 0- 0.2 0. 0. 0.1 .

ECCENTRICITY RATIO. E0 (DIM)

STABILITY MAP

The plot (Figure 18) of stability Figure 18. Stability of a Three-Lobed
parameter versus eccentricity ratio for Bearing for Various Values
a range of values of preload yields of Preload (After Gunter9 )
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data on the zones of machine operation 5. Eshleman, R.L., "The Role of Sum and
where stability problems might be en- Difference Frequencies in Rotating
countered. This type analysis almost Machinery Fault Diagnosis, "Proceed-
requires a map for each individual ma- ings of the Second International
chine because it is dependent on bear- Conference on Vibrations in Rotating
ing configuration and shaft flexibility. Machinery, Cambridge, UK, September,
The plot shown in Figure 19 shows a 1980, Mechanical Engineering Publica-
stability map (logarithmic decrement vs tions, Ltd., Bury St. Edmunds, Suf-
rotor speed) for stiffness supports and folk, UK, pp 145-149.
cross coupled stiffnesses. A logarith-
mic decrement denotes instability. 6. Eisenmann, R., "Shaft and Casing
Note that the absence of negative cross Motion of Large, Single Shaft, Indus-
coupling leads to a stable machine, trial Gas Turbines," Proceedings of

Machinery Vibration Monitoring and
Analysis Seminar, Vibration Institute,
April 1979.

7. Lund, J.W., "Stability and Damped
Critical Speeds of a Flexible Rotor
in Fluid Film Bearings," ASME Paper

I5 s No. 73-DET-103, ASME Vibrations Con-
S 1 10.9w rpm I iference, 1973.

0.3 8. Jackson, C. and Leader, M., "Rotor
Critical Speed and Response Studies

Increaingl in Equipment Selection," Vibration

stable Institute Machinery Vibration Moni-
-14 . "Sf°ct Opntoring and Analysis Seminar, April

0.0 -1979.

01 couplin I-- 9. Gunter, E.J., "Rotor-Bearing Stabil-
i

i  
i "Unsable,

-0L2 I ity," Proceedings of the First
8 .000 9.000 10.000 11.000 12.000 13.000 14,000 15.000 Turbomachinery Symposium, Texas A&M

Rotorspeed.rpm University, October 1972.

Figure 19. Stability Map for 8-Stage
Centrifugal Compressor [81
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SHAFT VIBRATION MEASUREMENT

AND ANALYSIS TECHNIQUES

Donald E. Bently, President
Bently Nevada Corporation

Minden, Nevada, USA

The use of electronic instrumentation for the measurement and analysis
of rotating machinery has advanced greatly over the last fifteen years.
Of the available vibration measurement transducers, the displacement
proximity probe is most widely used on critical equipment. However,
there are still some applications for the case-mounted transducers,
velocity sensors, and accelerometers. For the purpose of machinery

4 analysis, several hard copy data presentations are available. Data
0 formats for steady-state machine conditions include oscilloscope time

base waveforms and orbits and frequency spectra. For data from ma-
chines under transient conditions, the formats include Polar, Bode',
cascade or waterfall plots, and change in average shaft centerline
position.

The use of electronic instrumentation for to assess a machine's mechanical condition.
measuremcnt and analysis of rotating ma- Data formats for steady-state measurements
chinery has advanced greatly over the last include oscilloscope time base waveforms and
fifteen years. In today's market, the old- orbits and vibration frequency spectra.
time vibration measurement techniques using Transient formats include Polar, Bode', and
screwdrivers, balancing coins on edge, and cascade or waterfall plots, and change in
using the human senses of sight, sound, and average shaft centerline radial position.
touch, are rarely used. Most critical ma-
chines have electronic sensors permanently TRANSDUCER CONSIDERATIONS
installed with continuous readout and alarm
(or shutdown) monitoring systems. Less cri- Proper instrumentation must begin with the
tical machines may be observed with scanning- correct choice of measurement transducers.
type microprocessors, or checked periodically The three basic dynamic motion (vibration)
with portable instrumentation, transducers are the accelerometer, velocity

transducer, and displacement proximity probe.
Whenever a vibration measurement indicates a Of these, the proximity probe can also be
machine problem, a separate array of instru- used for static (or average) position

* mentation is available to specially condition measurements. The choice of which transducer
the vibration signal for analytical eval- to use must be based on many factors. Among
uation of the machine's dynamic behavior, these are the characteristics related to
In addition to vibration amplitude (which is electronic design such as physical
the parameter measured by conventional moni- environment, frequency response, engineering
toring systems), these special instruments units of measurement, signal conditioning,
evaluate vibration phase angle, frequency, and signal-to-noise ratio. However, a more
time base waveforms, shaft orbits, and mode important consideration is the desired type
shapes. Machines can be analyzed in a of measurement, from a mechanical standpoint,
steady-state (constant speed, load, pressure, based on the behavior of the particular
flow, etc.) or transient condition (changing machine. There is a basic mechanical dif-
speed or other variables). ference between transducer types, and this

difference should be a primary factor in
The end result of any data acquisition proce- determining the choice of transducer.
dure on rotating machinery must involve the Accelerometers and velocity transducers
documentation of information processed by the measure machine housing motion with respect
instrumentation into various hard copy to free space (seismic or inertially
formats. It is this hard copy documen- referenced); proximity probes measure rela-
tation that the mechanical engineer must use tive motion and position, typically shaft
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relative to bearing or bearing housing. When mounted to observe the shaft radially,
it measures both radial vibration and average

The choice of transducer type usually depends shaft radial position relative to the journal
on which part of the machine will provide the bearing clearance; an axially installed probe
most reliable information for machine malfunc- measures axial vibration as well as axial
tion diagnosis, the shaft or the housing. The shaft position with respect to the thrust
most frequently occurring malfunctions are bearing clearance. Proximity probes, when
shaft related. These include unbalance, observing a once-per-turn shaft
external and internal preloads such as discontinuity, can also be used to measure
misalignment, axial thrust action, surge, shaft rotative speed and provide a reference
cavitation, radial and axial rubs, thermally for measuring vibration phase angle. A
and mechanically bowed rotors, coupling radial probe mounted some lateral distance
problems, gear wear, self-excited mechanisms, away from the bearing can measure the amount
lubrication loss, electrical problems in of shaft bow or eccentricity at shaft slow
motors and generators, and cracked shafts, roll speeds.
blades, and impellers. Generally, housing
related malfunctions occur less frequently and Since the most common machinery vibration
include bearing support failure, excessive problems are shaft related (unbalance, rubs,
piping forces, housing and foundation misalignment, etc.), shaft measurements are
resonances, insufficient foundation support, generally more reliable for overall machine
loose structural components, foundation protection monitoring systems or periodic
material failure, and thermal warpage of the machine measurements and provide more
housing or baseplate. Most machine problems, meaningful information for machine malfunc-
therefore, are manifest as a change in shaft tion diagnosis. Many rotating machines, par-
rather than housing motion. ticularly those with fluid film bearings,

generate much more shaft motion relative to
Sometimes shaft-generated motion may be suf- the bearing or bearing housing than absolute
ficiently transmitted for measurement on the bearing housing or machine casing motion.
housing. How much shaft motion energy is
transmitted to the housing is a function of The only major limitation when using proxi-
the mechanical impedance of the shaft/bearing/ mity probes concerns the quality and nature
housing system. Mechanical impedance is of the shaft surface to be observed by the
determined by the system stiffness, damping probe. Ideally, the probe should observe a
and mass relationships of the rotor/support surface equal in finish to the shaft bearing
system. In some situations, both shaft motion journal. Surface imperfections such as
relative to the housing and housing motion scratches, dents, rust, and out-of-roundness
relative to free space may be significant. In produce mechanical runout (Glitch) which
these cases, a proximity probe and a seismic appears as a noise component on the output
transducer should be used in the same plane of signal of the Proximitor. In addition, the
measurement, proximity transducer system is affected by

changes in magnetic and conductive properties
If a machine is equipped with permanently of the shaft surface material. "Spot
installed monitor system, and if the trans- magnetism", a concentrated magnetic field at
ducers used for monitoring have been properly one point on the shaft circumference, may
selected, then they should be suitable for produce a false signal output from the
analytical measurements also. However, the Proximitor (electrical runout). If surface
analysis of some machines and/or certain conductive (resistivity) properties change
malfunctions may require different transducers significantly from one point on the shaft
in addition to those used with the monitor circumference to another, this may also cause
system. Transducers selected for a monitor electrical runout.
system are intended to indicate the presence
of only the most frequently occurring poten- Such changes in surface resistivity may ori-
tial malfunctions. If this situation can be ginate from metallurgical changes, surface
anticipated, it is much better to have the hardness variations, heat treatments, certain
transducers permamently installed or at least grinding or finishing techniques, and plating
have permanent provisions for installation on or spray metalizing processes. Some shaft
the machine. No transducer can provide surface treatment techniques, such as
meaningful data if the installation technique burnishing, have been used effectively for
is questionable. the reduction of electrical runout.

Displacement Proximity Probe Velocity Transducer

A proximity probe (Figure 1) measures relative Velocity transducers (Figure 2) are of
motion displacement and is typically installed seismic design and are thus used to measure
to measure shaft motion with reference to the machine housing and structural vibration.
bearing or bearing housing. The typical frequency response is from 15 Hz

to 2 kHz. Velocity is also a function of
The typical frequency response is from zero Hz frequency so the velocity transducer may tend
(dc) to 10 kHz, thus it measures static (or to emphasize higher frequency motions and
average) position as well as dynamic motion, overlook lower frequency vibrations. For

82
I



lower frequency applications, integrating the accelerometers. mlso, because accelerometers
velocity signal to displacement may help this have such a broad frequency response, it is
situation. For measurements at very low usually necessary to use a filter(s) for
frequencies, particular attention should be meaningful vibration signal analysis.
paid to the amplitude and phase errors of the Frequency spectrum analysis is often man-
transducer at the frequency of interest. datory when using accelerometers. Likewise,
Machine housings undergo vibration from when used with a monitor system, filtering is
structural excitations and resonances as well sometimes required in the monitor.
as shaft-transmitted motion. Many different
freqLencies may be present in the overall Dual Probe
signal so that frequency measurement or
spectrum presentations are often required for The dual probe (Figure 4) is a combination
analysis. relative proximity probe and seismic velocity

transducer mounted at the same radial and
If a particular machine exhibits significant lateral location on a machine. Ideally, the
housing motion which is transmitted from the seismic transducer is mounted to the same
shaft, then a velocity transducer may be use- reference position on the machine structure
ful for the measurement of overall machine as the relative proximity probe. In this
vibration. It may be useful to integrate the installation, the seismic transducer measures
velocity signal to displacement for this vibration associated with the structure upon
application. Also for this application, the which the proximity probe is installed. The
velocity transducer is generally more resulting information from this transducer
suitable than an accelerometer, provided the arrangement consists of: (1) Shaft motion
vibration frequencies do not exceed its relative to the bearing housing, (2) Average
capabilities. The only major disadvantage is radial shaft position relative to the bearing
the mechanical (spring/mass/damper) construc- housing, (3) Absolute bearing housing motion
tion of the transducer. Some deterioration and (4) Shaft absolute motion. The first two
can be expected over a period of time even measurements are those normally associated
during normal use, so a velocity transducer with the use of a proximity probe transducer
usually requires a calibration check more system. The third measurement is that which
often than most types of accelerometers, is normally associated with a velocity trans-

ducer system mounted on the bearing housing
Accelerometer or probe support structure. The fourth

measurement is obtained by electronic
Accelerometers (Figure 3) are inertially integration of the velocity signal to
referenced transducers, and as such, measure displacement, and a vectorial summation of
absolute machine housing or structural motion the dynamic signals from the proximity probe
relative to free space. lhe typical frequency and integrated velocity transducer. This
response is from 5 Hz to 20 kHz and sometimes vectorial summation consists of the shaft to
higher for special models. At first, this may bearing housing relative dynamic motion and
seem like such a broad frequency range that an the bearing absolute dynamic motion and
accelerometer could be used for all machine yields a signal representative of the shaft
housing vibration applications. In fact, this absolute motion, or shaft dynamic motion with
is not the case because acceleration is a respect to free space.
function of frequency squared, and at low fre-
quencies of vibration the amplitudes of acce- The dual probe is somewhat analogous to the
leration are very small. The amplitudes may shaft rider transducer. A shaft rider con-
be so small that the signal will be lost in sists of a mechanical rod which is placed in
the noise level of the transducer. For contact with the shaft member and is directly

* example, if a 9o0 rpm fan has a synchronous attached to a velocity transducer. The shaft
housing vibration of 5 mils peak-to-peak rider provides a direct measurement of shaft
displacement, this yields about 0.05 g's zero- motion with respect to free space, or shaft
to-peak acceleration. At a typical accelero- absolute vibration. The dual probe, however,
meter sensitivity of 100 mV/g zero-to-peak, is much more than a shaft rider. A shaft
the signal output amplitude would be only 5 rider provides a measurement of shaft abso-
millivolts zero-to-peak. However, at high lute motion only, whereas the dual probe pro-
frequencies, even low displacement amplitudes vides this measurement in addition to the

0* produce high acceleration amplitudes. Thus, other three measurements listed above. Also,
accelerometers have some difficulty measuring the shaft rider suffers from two mechanical
low frequency motion, but are often best for systems, the shaft rider itself which must
very high frequency vibration. Therefore, it transmit shaft energy directly to the trans-
is difficult to apply accelerometers as the ducer, and the mechanical spring/mass/damper
only transducer type used for overall eval- system associated with a velocity pickup.
uation of machine vibration characteristics. The Dual probe contains only one of these

mechanical systems, that associated with the
Accelerometers can be used quite effectively velocity transducer. For these reasons, the
for the exclusive measurement of high fre- dual probe technique is replacing the shaft
quency vibrations. The measurement of most rider systems on most machines which require
vibrations above 3 kHz require the use of shaft absolute motion measurement.
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Applications suitable for the use of a dual at IX, the Bode' plot is sometimes called an
probe are those in which there is both signi- "unbalance response plot". The Bode' plot
ficant shaft motion relative to the machine reveals information related to several fun-
housing and machine housing motion relative damental rotating machinery characteristics.
to free space. On some machine designs, the Among these are":
majority of shaft dynamic motion is greatly
attenuated by the time the energy reaches the 1. The overall response of the rotor to
machine housing. In this case, there will be unbalance forces from zero rpm up to
significant shaft motion relative to the operating speed.
housing and very little housing motion rela-
tive to free space. In other machine 2. The extent of rotor bow by measuring
configurations, the majority of shaft dynamic amplitude and phase at slow roll speeds.
motion is transferred directly to the machine
housing. In this case, there may be very 3. The definition of actual balance resonant
little shaft motion relative to the housing frequency (critical speed) by determining
and more significant housing motion relative the rotor speed at which an amplitude
to free space. The above two cases may be peak and phase shift occur.
satisfactorily measured with a proximity
probe in the first case, and a velocity 4. The available system damping by measuring
transducer in the second case. However, some the height of the amplitude peak at
machine designs produce shaft dynamic motion resonance.
and machine housing motion which are both
significant in magnitude. For these A similar XY plot can be made using the
situations, shaft relative, bearing housing Digital Vector Filter in the direct or
absolute, and, therefore, shaft absolute unfiltered mode. This plot represents ampli-
motion should be measured. It is for these tude of the overall composite (including all
type of applications that the dual probe is frequency components) vibration signal as a
intended, function of rpm. Comparing this to the Bode'

plot will reveal the presence of any vibra-
A brief summary of the basic advantages and tion frequency components which are not at
disadvantages of each of the three types of shaft rotative speed.
transducers is provided in Table I. The
majority of these considerations relate to The Polar plot (Figure 6), as the name
the electronic (or mechanical) design of the implies, is on polar format and is obtained
transducer itself. However, remember that from the same data as the Bode' plot (rpm, 1X
the most important considerations when amplitude, and phase). The difference is
selecting a specific transducer type is what that the Polar plot represents this infor-
mechanical measurement is most desirable on mation as vector quantities, which they are
the machine. To determine this, machine on the actual working machine. The distae
behavior must be evaluated (or estimated) in from any point on the plot (length of vector)
terms of shaft and housing vibrations under represents the vibration amplitude; the angu-
both normal operating and malfunction lar position of any point on the plot
conditions. (direction of vector) represents the phase

angle. The Polar plot reveals the same
TRANSIENT DATA information listed above for the Bode' plot

and, in addition, it provides:
Typically, transient data is acquired during
machine start-up or coastdown when rotor 1. A clearer picture of the changing vector

* speed is changing as a function of time. Two response of a rotor through a resonant
of the data formats in this category, Polar speed region. (Certainly, the approxi-
and Bode' plots, display synchronous (X) mate 180 degree phase shift is easier to
vibration amplitude and phase angle versus see on Polar format.)
rotor speed. This information is available
through the use of a once-per-revolution 2. The effect of any slow roll vector, as
shaft reference (Keyphasor) probe. The from shaft bow, on the measured response
.transducer input signals can be from any one (the slow roll vector can be easily
of the three types, but proximity probes pro- subtracted from any point on the plot by
vide the best data, since the measurement graphical vector methods).
represents actual shaft dynamic motion.

3. The presence of any structural
The Bode' plot (Figure 5) is on an XYY' resonances, which appear as inside loops
Cartesian format with one X variable (rotor on the plot.
speed) and two Y variables (amplitude and
phase). The amplitude is determined using a 4. The phase relationship of rotor response
synchronous tracking Digital Vector Filter, through two or more resonant speed
which measures amplitude at shaft rotative regions.
frequency (iX) only and discards all other
frequencies. Since one of the basic rotor
malfunctions, unbalance, produces vibration

84

I I



STEwuY-STATt UATA at shaft rotative speed with or without the
presence of any undirectional preloads, such

Steady-state data is acquired when the as from misalignment. Shaft rotative speed
machine is at constant operating conditions; motion from unbalance forces will be circular
i.e., constant rotor speed, flow, load, etc. or slightly elliptical. With the addition of
Considering all transducer types, the vibra- a preload, the orbit will become more
tion frequency spectrum is probably the most elliptical.
frequently used steady-state data
presentation. This is an XY Cartesian Since the scope can be oriented to represent
display of vibration amplitude as a function the true up and right (or down and left)
of frequency. Since this format is widely directions on a machine, the orientation of
known and published, an additional discussion the major and minor axes of the ellipse will
will not be included here. Certainly, fre- determine the direction of the preload. If a
quency of motion is one of the most revealing rotor to stator rub is ocurring, the exact
indicators of mechanical condition and the location of the radial rub can be determined
presence of specific malfunctions. However, by the location of the rub indication on the
for rotating machinery measurements, the orbit.
shape of the vibration waveform and the dyna-
mic path (orbit) of the shaft centerline can Figure 7 shows time base waveforms and orbits
be equally informative, for a rotor undergoing oil whirl in a

bearing. On both displays, the changing
A time base waveform display on an location of the Keyphasor dot indecates the
oscilloscope can reveal frequency presence of a nonsynchronous frequency
modulations, which are not as easily seen on component. It can also be seen that the
a spectrum display. When the scope display direction of shaft centerline motion is in
is enhanced by the addition of a Keyphasor the same direction as shaft rotation. In
pulse superimposed on the waveform, the fact, the oscilloscope is the only instrument
display is even more informative. Exact fre- which can reveal the direction of motion.
quency identification on a spectrum display
is limited to the bandwidth of discreet SUMMARY
filter segments. The scope with a Keyphasor
input presents very directly the vibration Only a few of the many data presentations for
frequency as compared to shaft rotative rotating machinery have been presented here.
speed. Frequencies which are exactly at, A complete discussion of all the formats
exact multiples or integer fractions of rota- would require a complete text, not a brief
tive speed are represented by fixed position technical paper. And then, the applicability
Keyphasor pulses on the waveform or orbit, of each format to the many varied machine
Any other (nonsynchronous) frequencies will types and for analysis of the many different
produce moving Keyphasor pulses. mechanical malfunctions would require an

additional text. However, with the proper
Since an orbit is an exact representation of application of vibration transducers and the
dynamic shaft centerline motion, this display availability of instrumentation for data
can be very informative of mechanical con- display and documentation, rotating machinery
dition and the presence of specific analysis is rapidly evolving from an art to
malfunctions. The shape of the orbit can an engineering science.
indicate, for example, small or large motion

S

04



TABLE I

EDDY-CURRENT PROXIMITY PROBES

Advantages T Disadvantages

1. Measures directly the dynamic motion of 1. Runout or Glitch (electrical and
the shaft, which is the source of vibra- mechanical); dependent upon high quality
tion for the most common (frequently shaft surface finish, free from
occuring) machine malfunctions, such as scratches, rust, corrosion, etc., and
imbalance, misalignment, rubs, bearing localized (spot) magnetic fields.
instability, etc.

2. Somewhat sensitive to various special
2. Measures average rotor position (relative shaft materials (metallurgical content);

to bearing or housing) within the bearing may require special calibration to speci-
clearance, an important indicator of fic material.
steady-state unidirectional preloads on
the rotor, such as from misalignment, 3. Requires external dc power source.
fluidic or aerodynamic influences, etc.

4. Can be difficult to install on some
3. Ease of calibration; only static calibra- machine (bearing) designs.

tion required using spindle micromometer
and digital voltmeter; since probes and 5. Usually difficult to install quickly on a
extension cables themselves are not temporary basis; probes should be per-
calibrated items, a spare probe and cable manently installed even for periodic
can be used with installed Proximitor at measurements.
the machine site (complete transducer
system can remain installed on machine 6. Must be used in conjunction with a
during calibration). seismic transducer mounted on the bearing

housing for machines with low mechanical
4. Same type of transducer can be used for impedance ratio (low impedance results

axial thrust position, rotor eccentricity from low case-to-rotor weight ratio and
(bow), rotor speed, and phase angle compliant bearing support structure);
(Keyphasor reference) measurements. vectorial summation of the two signals

yields shaft absolute (relative to free
5. Measures directly in engineering units of space) vibration measurement.

displacement, the most meaningful units
for evaluating overall machine response
and vibration severity for the more com-
mon machine malfunctions.

6. Good signal-to-noise ratio; high level
low impedance output, good for over 1,000
feet (300 meters) of transmission.

7. Measurement is via noncontact medium
(proximity) so transducer will not
influence vibratory motion of observed
surface due to contact.

8. Broad frequency response, from zero Hz
(dc or static position) to 10 kHz.

9. Solid-state for extended reliability (no
moving parts).

10. Small in size and can therefore be
installed in most machinery.

11. Upper temperature limit of 350F (177,C)
entirely adequate for most environments
in and adjacent to bearing areas.

12. Modular system design with the least
expensive part, the probe, only requiring
occasional replacement (if inadvertently
damaged).
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TABLE II

VELOCITY TRANSDUCERS

Advantages Disadvantages

1. Ease of installation in that it is 1. Provides only limited information about
mounted on external (housing) machine shaft dynamic motion (for overall eva-
components. luation of machine vibration), requires

that the machine have low mechanical
2. Strong signal in the mid-frequency ranges impedance.

(30 Hz to 1 kHz).
2. Since mounting is on external machine

3. Self-generating, no external power source components, measurement can be influenced
required. by vibrations transmitted to the machine

housing from the surrounding environment,

4. Can measure shaft absolsute (relative to e.g., piping, foundation, adjacent
free space) vibration when mounted to a machinery, etc.; mounting location should
shaft rider or "fishtail". be carefully selected so measurement will

accurately reflect only vibration of the
5. Adequate frequency response for overall machine itself, with minimal outside

evaluation of machines in the mid-speed influences.
range.

3. Mechanical design (spring/mass/damper)

* 6. Can be temporarily installed with reaso- dictates that performance will degrade
nable success using a magnetic base. somewhat over a period of time under nor-

mal use.
7. Some models are available for moderately

high temperatures. 4. Unit construction means that any trans-
ducer fault requires replacement of

8. Velocity is relatively easy to integrate complete transducer assembly.
to displacement, which is a more meaning-
ful engineering unit of measurement for 5. Difficult calibration; requires removal
overall evaluation of machinery from the machine and a shaker table.
vibration.

6. Amplitude and phase errors introduced at
low frequencies.

7. Cross axis sensitivity problems at high
amplitudes.

__m 8. Rather large and heavy.

I
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TABLE III

ACCELEROMETERS

Advantages Disadvantages

1. Ease of installation in that it is 1. Provides only limited infomation about
mounted on external (housing) machine shaft dynamic motion (for overall eva-
components. (However, refer to item 3 in luation of machine vibration), requires
the next column.) that the machine have low mechanical

impedance.
2. Very useful for high frequency measure-

ments above 5 kHz. 2. Since mounting is on external machine
components, measurement can be influenced

3. Effectively no moving parts for good by vibrations transmitted to the machine
reliability, housing from the surrounding environment,

e.g., piping, foundation, adjacent
4. Some models available for high tem- machinery, etc.; mounting location should

perature applications, be carefully selected so measurement will
accurately relfect only vibration of the

5. Once certain maximum frequency and tem- machine itself, with minimal outside
perature limits are exceeded, an acce- influences.
lerometer becomes the only viable
vibration transducer. 3. Susceptible to noise resulting from

* method of attachment or poor contact to

6. Relatively light weight. machine housing; requires deliberate
effort to achieve effective installation,
difficult to succeed with tenporary
mounting, virtually impossible to
hand-hold.

4. Unit construction means that any trans-
ducer fault requires replacement of
complete transducer assembly.

5. Difficult calibration; requires removal
from the machine and a shaker table.

6. Difficult to use for some low speed
machines since low acceleration levels

produce signals which are typically not
far above noise floor.

1 7. Double integration to displacement for
overall evaluation of machinery vibration
is susceptible to noise problems.

8. Usually requires filtering in the
monitor, and must be individually eva-
luated to specify filters for each
machine case.

9. Requires external power source.

10. Somewhat sensitive to damage (requiring
replacement) due to harsh impact
(dropping on concrete, etc.), par-
ticularly in the nonsensitive axis.
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la. System Components:
Proximitor, Extension Cable, Probe
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Figure 1. Displacement Proximity Probe Transducer System
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Figure 2. Velocity Transducer System

Extension Cable

V, 18T0O-24 WK j

Interface Module Accelerometer

Figure 3. Accelerometer Transducer System

Figure 4. Dual Probe Transducer System
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ROTOR DYNAMICS AND MACHINERY VIBRATION

SPIN TEST VIBRATIONS OF PENDULOUSLY

SUPPORTED DISC/CYLINDER ROTORS

F. H. Wolff and A. J. Molnar
Westinghouse R&D Center
Pittsburgh, Pennsylvania

Forced vibration levels of disc and cylindrical shaped
rotors as they are brought up to speed are calculated.
The danger of spinning a pendulously supported rotor
whose polar and diametral mass moments of inertia are
nearly equal is analyzed and explained.

INTRODUCTION have been derived in the literature
[1,2,3], however, for completeness they

To design pendulously supported will be summarized. From Fig. 1A the
high speed rotors, several vibration beam deflection (n) and slope (0) at
aspects must be considered - instabili- the disc can be expressed as a function
ties, unbalance vibrations, etc. Low of unbalance force (P) and moment (M).
frequency whirl instabilities caused by
insufficient external (bearing) damping, n ( 11 P + a 1
shaft hysteresis, and looseness of mating 1 )12 (1)
rotor components must be avoided. e P + M
Previous works [1,2] which addressed the = c 1 2  2 2
instability problem demonstrate how to
analyze a pendulously supported disc where the flexibility influence coeffi-
system to ensure a successful design. cients of a beam of length (L), with

infinitely stiff end (A), and rigidity
A disc shaped rotor has the (EI) are

property that its ratio of polar moment
of inertia (Ip) to moment of inertia 1 3 _2X I 2
about a diameter (Id) is 2: i.e., THE + -T-
a = Ip/Id = 2. If external damping is
sufficient, the unbalance vibration due
to passing through the critical speeds _2 + t (t=L-X)
as the disc is brought up to speed will 12 2E + E
be small. However for some specimens,
the rotor configuration appears more a
like a cylinder than a disc; i.e., the a22 = El
ratio of inertias decreases. If
a = 1 or Ip = Id, the system will prob- The unbalance force and
ably fail as it is brought up to speed. moment can be written as 11,2,3] func-
Previous failures have occurred, but tions of disc translation (r) and rota-
have not been documented. The objec- tion (8)
tive of this study was twofold: to
explain the failure mechanism and to P = w c2r (2)
develop a program to calculate vibration
amplitudes of proposed designs. and

EQUATIONS OF MOTION FOR STEADY STATE M = - I 2- 1) (3)
UNBALANCE d Id W

Equations which describe the where m is the disc mass (lb sec 2/in),
motion of a pendulously supported disc w is the whirl speed (rad/sec), Q is

to



F = m C1A2 Sinlt (7)

0 C l i@P F= 9 II aSin at

H 2 T=A le E 0Sin ait

P. M Adn d
dI nM. Gunl ,A as I ,MgU MosMuum amoltiw

f o Mic Whirl

Fig. 1 - Dynamic model of spin test Fig. 2 - Eccentricity of mass center (G)
system (disc-shaft-bearing from geometric center which
system) creates force(F) and moment

unbalance T)
the disc polar mass moment of inertia
(in-lb-sec2 ), and Id is the disc diame- and a dynamic unbalance moment (T)
tral mass moment of inertia
Un-lb-sec2 ) . T - m cI 2Q2 Sinflt (8)

To find the damped steady
state response of the disc mass due to centrifugal loads. Hence, the
unbalance, complex notation (-) is used. total unbalance force and moment are
The bearing translation (Z) as a func-
tion of unbalance force is P m 2 + F (9)

k+iB( and

ki BW W5 2Id2 (a 2 - 1) i + T (10)

k 2 (Bw) 2 k2+ (Bw) 2

for a = Ip/Id
where i is imaginary (-l), k is the

bearing stiffness (lb/in), and bw is Combining equations (5) through
the bearing damping (lb/in). The total (10) into matrix form gives
disc deflection (F) is

+ 511 C 12]k'22 11 F 22 []k 2 +(BP) 2 ( 2 1 2
Lk(cm)k 2+ (D ) 2L J(11)

while the slope () is L01l2 L22J m £1C 2 0 Sinilt

am 12  + a22 (6)

where
Eccentricity (Fig. 2) of the

disc center of mass gives a static ( _k .2+ . B M ~ 2
unblance force (2) +(Bl -2-

9
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C1  CL 2 (a 2 u, 207

I I I

C2 1 = "i12 m W
2

C 2  1 + CLI 2  (a2.-)

D 2k 2 +a11 '2 2 12
k +(Bw) k +Bw)

For a synchronous whirl (9-w), equation 1
(11) reduces to

[ 1 C1 2" r

C C - -.__ _

C2 1 .2 2  .. m
(12) O _ • _ _ _ _ _ _ _ _

11 a2 mE1Sinflt 0 M M wi u

wL12 1 22 ] mlc2 Sint Fig. 3 Forward whirl speeds for disc
where shaped (a-Ilpd-2) specimen

Cl* =- k2 + l B2 m speed (spin). The running speed dashed
9line (Figure 3) passes through the

lower forward whirl mode but is always
(-1)well below the second forward whirl

C12 *= c1 2Id amode. Because of the small unbalance
forces at the lower speeds and bearing

C21 - 12 m damping, the vibration levels while
passing through the first critical are
usually small.

C2 2 = + 22 d With some effort most disc

shaped (a-2) rotors can be designed so

D = k + i that vibration amplitudes are acceptable
11D k 2+(B)2 11ll k2+(BO)2 while the rotor is being brought up tospeed. However, if the inertia ratio

(a) differs substantially from 2, forced

SECOND FORWARD WHIRL MODE vibration of the second forward whirl
mode could be serious. If the two

The pendulously supported inertias are equal (a-l), the second

rotor of Figure 1 has two forward whirl forward whirl mode speed and running
modes 11]: The lower forward whirl mode speed (dashed line) nearly coincideinvolves primarily dictasain() and second forward whirl mode speedinvlve prmarly isctraslaion(r) (Figure 4). Furthermore, running speed

with a smaller angular rotation (0) and ec h other whir easpeed

where both r and 8 have the same sign; approach each other with increasing run

the second forward whirl mode involves speed. In effect, the system is for-

translation with the larger rotation ever running near resonance when a-l.
having opposite signs. Both modes It becomes apparent why earlier systems
(undamped) are found from the charac- with this peculiarity have failed.

teristic polynomial associated with the Figure 4 shows the second for-
homogeneous form of equation (11). ward whirl modes for the rotor system

Figure 3 shows the spin- of Table 1 with inertia ratios rangingwire hw t he s in- from 0.25 to 2.0. For ratios less than
forward whirl characteristics for a 1.0 when the rotor resembles a cylinderdisc (a - Ip/ld - 2) with the rotorra h r t n di c t e ru i g sp d

system properties in Table 1. The rather than s disc, the running speed

lower mode frequency initially increases ss above the second forward whirl mode
because of a gyroscopic effect then speed for most of the run up. However,
asymptotically approaches a maximum the second mode must be accelerated

value, while the second mode frequency through which involves a resonant condi-
monotonically increases with running tion. On the contrary when the inertia
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ratio is greater than 1.0, the second the spin axis in addition to an eccen-
mode speed is always above running speed tricity (El) of the mass center from
and they diverge with increasing run the geometric center (Figure 2). The
speed. mass center eccentricity (tl) also

causes a static unbalance force (F).
TABLE 1 Figures 5 and 6 show angular responses

(8) of the rotor as a function of
Properties of Cylinder and Spin Test Rig inertia ratio for a 1 mil eccentricity

of the mass center and an additional 10
Modulus of E 30E+6 lb/in 2  mil moment unbalance. The angular dis-
Elasticity placement responses were divided by the

Diameter .75 in. static angular displacement (m £1 E2/Id)
Shaft Dto produce amplification.
Shaft Length . 20 in.

Figure 5 resonance curves show
Stiff Length X 10 in. evidence of the second forward whirl
Bearing k 2000 lb/in mode being passed through when the
Stiffness inertia ratio is less than 1. Although

bearing damping is only slightly effec-
Bearing Damping Bw 2000 lb/in tive in this mode (motion at the bear-

Disc Weight W 1200 lb ing is relatively small, r/6 - 1), the

Polar Moment of Ip 350.0* lb-in-sec2  peaks are very sensitive to the inertia
Ineoa n ratio (a). For inertia ratios approach-
Inertia ing unity, the vibration amplitudes
Diametral Moment Id 175.0 lb-in-sec 2  increase both at the instant the second
of Inertia mode is passed through and at high

speeds. With an inertia ratio of unity,
* the vibration level increases
for a=2 indefinitely with running speed because

running speed approaches the second
forward whirl mode speed. Even though
the unbalance moment which is a function

c... nsie-A of the square of speed is smaller at
lower speeds, there are regions at low
speeds where an inertia ratio less than
1.0 can produce vibrations greater than

W0 - those produced with a ratio of unity.
For example, an inertia ratio of 0.8
gives a peak amplification of 35 near

M -00 700 rpm while the peak at 700 rpm with
a=l would only be 5 (Figure 5). How-
ever, for speeds above 900 rpm, the

- response for an inertia ratio of 0.8
would always be less than the response
for a=l.0.

For inertia ratios greater
than 1.0, the larger the ratio, the
lower the vibration level over the

100, A--SynchMnosWhirl entire speed range (Figure 6). Vibra-
_ 1 1 A_ I A_-_ tion levels are greatly reduced for

0 so w ISO urn rn uO only slight increases in inertia ratio;
SonlIM e.g., at 1900 rpm an increase in inertia

Fig. 4 - 2nd forward whirl modes of ratio from 1.0 to 1.1 will reduce the

rotors with various inertia vibration amplitude by a factor of 8.

ratios (.25 <a< 2.0)

EFFECTS OF BEARING DAMPING

UNBALANCE VIBRATION OF THE SECOND Because of the small motion at
FORWARD WHIRL MODE the bearing in the second forward whirl

To evaluate rotor designs the mode, damping is only slightly effec-
vibration response to mass imbalance tive in limiting vibration levels. For
vibraion bedeereoned t ssg ib n example, with an inertia ratio of unity
should be determined using equation at 1500 rpm (Figure 7), the amplifica-
(12). The primary source of excitation tion can only be reduced from 27.5 to
of the second forward whirl mode would 26.25 by doubling the amount of bearingcome from a moment CT) caused by a non- damping (Table 1). For inertia ratios

-- uniform mass distribution (C2) alongdapn(Tbe1.Frirtaaioudnless than 1.0, an increase in damping

98



resulted in larger responses until run-
ning speed surpassed the second mode
speed. For inertia ratios greater than 40
1.0, the difference in responses due to --TntheAmdm(l.n D
damping is hardly noticeable; e.g., at 35 t/

a=1.l, the heavier damped response is
slightly smaller., "  /

I I

0.9 a=k1.0 - 2

20 .

j3 IL

15 Io

J11 13MI Is i n I WO

10 / Fig. 7- Effects of damping on the
.3 ,forced vibration of the 2nd
5 forward whirl modes of rotors

- with various inertia ratios

0
300 9W 11W0 130 Ism !0

Spn I RPM) CONCLUSIONS

Fig. 5 - Angular displacements (amplifi- Pendulously supported rotors
cation) of rotors with inertia with inertia ratios at or near unity
ratios < 1.0 must be avoided. If not, excessive

unbalance vibrations of the second for-
ward whirl mode can occur. The second
mode speed asymptotically approaches

a0 c.-.. 7fl6~o- running speed with increasing speed.
Therefore, the unbalance vibration will

35 increase indefinitely with runningaz~eslspeed.

Angular rotation of the rotor
which predominates in the second forward

25 whirl mode is many times greater than
1. motion at the bearing; accordingly,

F20 bearing damping has only a slight
influence on vibration levels.

1.03 Inertia ratios above unity (al)

1 - are preferred. Slight increases in the
0.10 ratio produce significant reductions in

the angular vibration amplitudes. When
51.2 inertia ratios are less than unity

(a<l), the second forward whirl mode
00 must be accelerated through. The

W s no 9W 11M In I 135 19M smaller the inertia ratio, the smaller
son I RPA4 the buildup is as the critical speed is

Fig. 6 - Angular displacements (ampli- passed. Also, vibrations at high speed
fication) of rotors with decrease with decreasing inertia ratios.
inertia ratios > 1.0
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MODAL ANALYSIS AS A TOOL IN THE EVALUATION

OF A TURBINE WHEEL FAILURE

Anthony L. Hoffa Robert L. Leon

Franklin Research Center Franklin Research Center

Philadelphia, PA Philadelphia, PA

Modal Analysis can be a viable tool in the This paper follows these guidelines, and
investigation of turbine wheel failures. With illustrates by techniques, examples, and actual
the advent of the portable dual channel analyzer, test data how modal analysis can play an im-
and impact excitation techniques, modal data can portant part in failure evaluation.
be accurately and easily taken right at the plant
site. Armed with this additional information, a 1. MODAL ANALYSIS TECHNIQUE
better estimate of the actual failure mode can
be made. A standard impact modal technique is em-

ployed. First, one or two response acceler-
Following a turbine failure, the system is ometers are applied to the structure. Just one

taken out of service, the failed parts are metal- will be used, the other serving only to insure
lurgically analyzed, and the turbine is either that no potentially important modes are being
repaired or replaced. It is during this often missed. The structure is then impacted at sev-
lengthy time period that modal testing can be eral different points in orthogonal directions,
performed and its evaluation used to aid in the and for each case, a frequency domain transfer
failure analysis. function is determined relating the response to

the force. The natural frequencies, mode shapes,
The following guidelines will be helpful in and damping factors are determined from these

this endeavor. transfer functions. Typically the modes are not
widely spaced, and some curve fitting capability

a. The modal test should be performed on is required to properly isolate them. This ca-
the failed wheel, and on an unfailed pability is available in many of today's dual
spare or sister wheel if possible, channel analyzers. Some also provide special

windowing for the force and response waveforms,
b. The resulting mode shapes should be and in addition, many can display animated mode

compared to the actual failure, shapes viewed from any direction.

c. A review of the system excitation To illustrate the technique, we discuss the
sources should be made. test of a failed control stage of the high pres-

sure turbine shown in Figure 1. The wheel is
d. An investigation of turbine running composed of 36 blades, shrouded in groups of 3.

data for the possible detection of The failure, which is shown, is such that 2
suspected modal frequencies should blades, the shroud and a section of the wheel
be performed. failed completely. Two other blades were

cracked at the blade root, These failures
a. Finite element and fatigue life started from the exhaust side, and analysis of

analyses should be conducted, the completely failed sections was indicative
of fatigue.

f. All the above information should be
reviewed before final conclusions The frequency range of interest should
are drawn, include as a minimum up to twice nozzle or blade

pass frequency relating to the failed stage.
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For our example this frequency would be equal to It is possible for a test of the nature
4320 Hz (36 blades x60x2). just described to be completed within a 3 to 5

day period in the field. The next phase is to
Since the frequency range is broad, the review the modal data in light of the available

modal test will reveal many natural resonances. excitation sources and the actual failure mode.
In order to accurately describe these different
modes, it is necessary to allow a minimum of 12 2. EXCITATION SOURCES
frequency points within 3 dB of the peak for
each mode of interest. This procedure es- The turbine system must be reviewed to
tablishes the zoom ranges in which transfer determine which excitation frequencies could
function data is to be gathered. cause resonance of the various modes. All

stages of the turbine should be reviewed since
In addition, sufficient impact points must resonance of a mode at one stage can come from

be established on the structure so that accurate an excitation at another. The excitation
mode shapes can be determined. For blade modes, sources for the example high pressure turbine
the size and construction of the blade will help are listed in Table 2.
determine the number of impact points. Blades
should be impacted on both the immission 3. MODE SHAPE COMPARISON TO FAILURE
(leading) edge and exhaust (trailing) edge in two
orthogonal directions. If the blades are shroud- All the mode shapes should be reviewed and
ed into groups, all the blades within each group identified as to their type. Some of the typ-
should be impacted. ical mode shapes for turbine wheels are listed

in Table 3. After the mode shapes are deter-
Wheel modes are identified by their node mined they can be compared to the actual wheel

lines. In order to accurately find the nodal failure. Table 4 lists the actual modes for our
positions, a sufficient quantity of impact example, their frequencies, and possible exci-
points need to be spaced circumferentially tation sources.
around the wheel. The number of impact points
should be at least twice the maximum number of Figures 3 through 7 illustrate some of the
nodes to be detected. With this approach ali- mode shapes obtained from the analyzer. These
asing of mode shapes still occurs for wheel plots form the basis for describing each mode.
modes which have more nodal diameters than the The figures shown identify a 4 node mode.
maximum we are prepared to detect. To help (Mode #4 of Table 1). The location of the
overcome this problem each wheel mode must be nodes can be accurately determined relative to
identified in sequence. Figure #2 shows those a reference point on the wheel.
impact points which were selected for our ex-
ample. Figure 8 shows a comparison of Mode #4 to

the actual failure. Figure 9 shows a comparison
With the use of an exponential response of Mode #5 to the actual failure. it is possi-

window in the dual channel analyzer, fewer ble that either mode could have caused the
averages are required, and usually good co- failure assuming that the stresses at the node
herence can be obtained by impacting each point and antinode points were high enough such that
only three times. Transfer functions formed in if the mode were excited, fatigue could result
this manner are not truly accurate since they over an extended time period. A finite element
contain added damping, however this is auto- analysis of the rotor section can be conducted
matically taken into account by the analyzer to help identify the maximum stress areas per-
later on in the determination of the modal pa- taining to each mode shape.
rameters.

Both tolerances and environment can cause
To save field time, it is desirable to pre- the modal frequencies and mode shapes to differ

program the analyzer as much as possible prior from those established by the test. Manufac-
to the test. The most time saving suggestion is turing tolerances can lead to variations between
to pre-model the wheel and blade system in the corresponding wheels on two different rotors.
analyzer using the selected impact points. The difference depends upon the accuracy of
Changes to this program can be made in the field construction and the material consistency.
rather easily. Usually, the shape and frequency differences

for a given mode are small, but the position of
Once the data have been recorded, the ana- the wheel node lines can be substantially dif-

lyzer will curve fit and analyze the transfer ferent.
functions for each indicated natural frequency.
Since all analyzers are memory limited, be sure The operating environment can have a sig-
to keep the number of modes to be reviewed within nificant effect on the modal frequency, but a
the capacity of the analyzer. smaller effect on its shape. Modal frequencies

vary with temperature due to modulus changes.
A typical frequency and damping table is Figure #10 illustrates the effect of temperature

shown in Table 1. Also, the analyzer develops on frequency for three types of materials.
a residue table for each mode. These residues
define the mode shape and specify the full dis- Additionally, centrifugal force tends to
placement positions in the animated display. stiffen the wheel and the blades, and also
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results in an increase in the modal frequency The final necessary ingredient for high
and a possible change in its mode shape. The amplitude resonance is an effective final
increase in frequency depends on the mode shape, forcing mechanism to excite the mode. One such
but typically blade modes are affected more than possible mechanism results from the kick each
wheel modes. blade receives as it passes each nozzle. A

blade group sees the summation of this effect
It is important to estimate the effect of from all the blades in the group, and a wheel

the above operational factors. In our example, sees the total effect from all of its blades.
if the wheel material is an ascoloy, we can In all of these cases, the nozzle passing fre-
anticipate a 9% reduction in the modal frequency quency is the number of nozzles in the stage
if the wheel operates at 10000 F (see Figure 10). times rotational speed when evenly spaced
However, the effect of the centrifugal force on nozzles fill the circumference. But when some
the wheel frequency is less, and can be neg- nozzles are missing, or not on, as in a control
lected by comparison. stage, the true nozzle passing frequency is

determined by the nozzle spacing. This can be
Applying the temperature effect to Modes 4 seen by reviewing Figures 11 through 16. Fig-

and 5, we found that these frequencies were re- ure 11 shows a simulated time plot of 32 evenly
duced to 1854 and 1956 Hz respectively. We then spaced nozzles in a 50 Hz turbine. Figure 12
compared these temperature compensated fre- shows the spectrum, with as expected a 1600 Hz
quencies to the excitation sources and found nozzle passing frequency along with its har-
that an excitation existed on the impulse wheel monics. Figures 13 and 14 show the same two
at 1920 Hz due to nozzle pass, and from the #6- plots after the elimination of six nozzles, and
#10 stages of the rotor due to blade pass. This Figures 15 and 16 after the elimination of fif-
1920 Hz excitation source is very close to Mode teen nozzles. Note that in all cases, the 1600
#5 (1956 Hz). Hz nozzle passing frequency along with its har-

monics remains. The added sideband energy in
4. MODE SHAPE EXCITATION AND ITS AMPLIFICATION the latter two cases ia a result of the rota-

tionally repeated amplitude modulation (on or
For a particular mode of vibration to cause off) pattern of the nozzles.

fatigue failure it must be excited sufficiently
to cause high amplitude cyclic stresses. In Nozzle passing frequency, or one of its
order for this to occur, it must have low harmonics, can usually excite a matching blade
damping, the natural frequency and driving fre- mode. But for wheel modes, which are subject
quency must be very close, and the forcing mech- to excitation by many nozzles at any one time,
anism must be such as to be able to drive the it is important to determine whether they might
mode effectively. be effectively working against each other in

this endeavor. If they are, it will be dif-
Thus, the mere proximity of a natural fre- ficult to excite the mode.

quency to an excitation frequency is not auto-
matically a problem. In our example for in- In addition to nozzle passing frequency,
stance, the control stage nozzle passing fre- blade passing frequency can be another source
quency at 1920 Hz does not necessarily imply of excitation. Assume for the moment, only one
severe resonance of Modes 4 or 5. nozzle. As each blade passes this nozzle, it

receives a kick. Blade pass is obviously equal
First, it is important to know the damping to the number of blades times rotational speed.

ratios. Table 1 indicates damping ratios of Though each individual blade does not see this
0.215% for Mode 4, and 0.107% for Mode 5. If blade passing frequency, the wheel does. And
excited right at their natural frequencies, in fact, the wheel sees the totality of all the
these modes would exhibit very large amplifi- blades passing all the nozzles. Thus blade
cation factors, Q, equal to 232 and 466 re- passing frequency as well as nozzle passing fre-
spectively. But Table 5 shows Q's of 14.3 and quency acts on the wheel. However the excita-
25 for the two modes when driven at the 1920 Hz tion frequencies from these two sources have a
nozzle passing frequency. Here, Mode 4 was subtle difference.
assumed to have a temperature corrected natural
frequency of 1854 Hz, and Mode 5 had a temp- To best understand this difference consider
erature corrected natural frequency of 1956 Hz. two simplistic cases. In the case of nozzle

passing frequency, picture one blade on the
Table 5 shows the effect on Q if these wheel and many evenly spaced nozzles, while in

natural frequencies were only slightly different, the case of blade passing frequency, picture
Note how a small decrease in the natural fre- many blades and one nozzle. In the first case,
quency of Mode 5 from 1956 Hz to 1920 Hz would the force at the nozzle passing frequency is
result in a nearly twenty-fold increase in amp- acting on a point fixed in the wheel as the
lification factor. Turning this around, if the blade passes each nozzle. In the second case,
natural frequency and excitation frequency are the force at blade passing frequency is sta-
not extremely close, severe resonance probably tionary, acting on the wheel at the fixed noz-
will not occur. The fatigue stresses gen- zle position. To a point fixed on the wheel,
erated in the wheel are greatest when the ex- however, this excitation is rotating around at
citation source and natural frequency are rotational speed. Since wheel modes are almost
closest, always fixed with respect to the rotating wheels
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themselves, this latter condition causes blade 5. OPERATIONAL MEASUREMENTS AND ANALYSES
passing excitation frequencies to differ from
the natural frequencies of the wheel modes The question arises as to whether, in a
they excite. This concept is described in sister turbine or following repair, resonance
reference 1. of any of the blade or wheel modes during op-

eration can be detected by accelerometers
The conclusions of the referenced paper show mounted on the bearing caps of the turbine.

that a given wheel mode can be excited by a
stationary source at two specific excitation To answer this question, one must first
frequencies. These are dependent upon the wheel look into how the resonant blade or wheel
speed, natural frequency and mode shape ac- motion would translate into motion at the
cording to the equation bearing caps. Any mode that would tend to

either bend the shaft or move it axially should
have some effect at the journal and thrust

F ef- F ± N F (1) bearings respectively. Obviously, symmetric
e n r wheel modes fall into neither category, but

actual modal testing shows that these modes are
Fe = excitation frequency necessary to not always so symmetrical. For example, a 2

excite the mode nodal diameter mode instead of its radii being
separated by 900 might actually have separation

F = natural frequency of wheel mode angles of 1050, 840, 96° , and 760. This means
that in one half of the vibrational cycle, more

N = number of nodal diameters in the wheel mass is moving toward one end of the
mode shape turbine, and it reverses in the other half cycle.

This would result in both an axial and bending
F = wheel running speed effect fixed with respect to the rotating wheel.

It is important to note that just non-If we relate this to our example, the sta- symmetrical nozzle spacing can result in shaft

tionary blade passing frequencies necessary to berical noxe spct co resuoting

excite modes 4 and 5 with the wheel rotation bending, fixed with respect to the rotating
at 6 would be as follows: system. Figure 17 shows a wheel with 48 blades
at 60 Hz wand 6 unequally distributed nozzles. The blade

pass frequency is equal to 48/rev while nozzle
Mode Fn Temperature Compensated Fe (stationary) pass is 8/rev based on nozzle spacing (450

nuatbetween nozzles).

4 1854 [2 nodal diameters] 1854 ±(2) 60 As the wheel rotates through one revolution

- 1974 and we sum the forces on one half the wheel and
1734 Hz subtract this force from the su-mation on the

other wheel half and we obtain an amplitude
5 1956 [3 nodal diameters] 1956 ±(3) 60 versus time wave form similar to Figure 18.

- 2136 and The frequency spectrum of this waveform is

1776 Hz shown in Figure 19. This is the frequency
content of the wheel vibration due to bending
through one shaft revolution. Note how only
odd harmonics are generated. This is due toif one compares the 2160 Hz blade passing the mirror symmetrical nature of the waveform.

frequency to the excitation frequencies Mode 5, Also note though the dominance of the 5, 7,

which requires an excitation of 2136 Hz, could

be resonantly excited with an amplification and 9 per rev and the 47 and 49 per rev con-

factor of approximately 48. In this case, the ponents, these surrounding the 6, 8 and 48 per
actual vibration frequency of the wheel, as rev frequencies one might have initially ex-
actul vb train fqen fof iste wel as pected. The fact that all these order related
Ssensed by a strain gage for instance, would be components exist complicate the detection of~(2160 - 180) Hz or 1980 Hz.

any existing forced resonance.

Similar to the nozzle passing case, the
multiplicity of nozzles results in additional Order related vibration components will

cancellatory effects, and blade passing fre- exist on the bearing caps due to the presence
quency may be able to excite only some of the t t and t ation plan es n ther

above modes in an effective manner. tating and stationary planes but also other
sources of excitation which effect the sta-

Steam flow noise can excite the free vi- tionary plane.

bration nodes of the blades and the wheel.
Since the excitation is of a random nature, at co ntstwhichhesult orence

one cannot consider it to be a major source of lated components which result from resonance

failure. However, this effect may be useful in it is possible for the blades and wheels to
identifying natural frequencies during op- ring at their free vibration natural fre-
eration.rigathifrevbainntrlr-etnquencies in response to random steam flow noise.
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These frequencies are not order related and excessively in resonance.
they do not show up as discrete frequencies in
a spectrum. This is true because they are 6. FINITE ELEMENT ANALYSIS AND FATIGUE LIFE
randomly amplitude modulated in the analysis
window, which results in a smeared sideband If time and money permit, a finite element
effect. Figure 20 shows this effect for the analysis can be performed which will identify
first bending natural frequency of a large fan the maximum stress points present in the disc
rotor. This frequency, which exists slightly for certain mode shapes. These points can be
above running speed, is being excited by flow compared to the failed sections. In addition,
turbulence. the finite element analysis can be used with

fatigue life data to establish modal amplitudes
The same condition can and does exist in necessary to generate the stresses required to

turbines. In order to identify it however, one cause fatigue.
must realize that any vibration, fixed along

one direction in the rotating frame will appear The stress levels that cause fatigue reduce
to be translated by plus and minus rotational as the operating temperature increases. These
speed when viewed by a stationary sensor. This levels are reduced still further if coupled to
is discussed in detail in reference (2). The a static tensile stress such as can be caused

concept is illustrated in Figure 21. Here a 3 by centrifugal acceleration.
per rev vibration, fixed in a shaft, appear as
2 per rev and 4 per rev vibrations to a sta- If we assume a certain mode to be the

tionary proximity probe, failure cause, by knowing the time of turbine

operation we can establish the number of cycles
Figures 22 and 23 show the spectra of an of stress reversal which caused the fatigue

actual free vibration mode fixed in the ro- failures. We can then relate this to an op-
tating system as sensed by an axial accel- erating stress by referring to data relating
erometer at the thrust bearing. Here, both the stress, temperature, and the number of fatigue
untranslated and translated components appear; cycles.

the former because the axial components are not
translated by rotation, and the latter because This stress can then be input into the
the radial motion is coupled to axial motion by finite element analysis to determine the amp-
the support structure. Note from the two plots litudes of vibration necessary to generate the

the advantage of using order analysis to pick required fatigue stress.
up discrete order components even when speed is

changing. 7. CONCLUSIONS

Order analysis might also enable one to o Modal testing is practical in the field
determine true operational natural frequencies with proper pre-planning.

by spotting when an excitation order such as
nozzle pass, which is normally above a given o If there is a possibility that a turbine
natural frequency, excites it on start up. In blade or wheel failure can be a result

our example, Mode 4 at high temperature should of resonant excitation of a natural

be approximately 1854 Hz. The nozzle passing mode, the modes of the failed system

frequency (32/rev) goes through this frequency should be investigated.

when the turbine is running at 3,476 rpm o Analysis of this type should include:
(57.93 Hz). If excitation of this mode occurs
during startup, we can observe the 32/rev com- a. establishment of the mode shapes
ponent during startup from an axial probe b. comparison to the failure
(31/rev and 33/rev from a radial probe), and c. investigation of excitation sources
look for sudden changes in magnitude and phase. d. identification of mode frequency
By noting the exact turbine speed at which this changes due to environmental
occurs, one could more closely pinpoint the conditions
true operational natural frequency of the sus- e. investigation of major stress areas
pected mode. and life expectancy

Review of the accelerometer data as dis- o Analysis of running vibration data could

cussed above may be helpful in gaining a better show the existence of the suspected mode

understanding of the actual failure mode, but or modes, but it becomes a very diffi-

unfortunately due to the many order related cult task to identify them. This is

frequency components that exist, this may not of data which emnstes both from ro-

be conclusive in terms of detecting and de-

fining a resonance condition during actual op- tating and stationary sources. The

eration. However. FRC is developing a tech- relationship which exists between a ro-
nique aimed at doing just that (3). This tech- tating vibration source and the identi-

nique, which will not be discussed here, uses a fication of this source from a sta-

stationary dynamic pressure transducer down- tionary plane makes the analyses even

stream of the suspect wheel and through complex more complex.

signal enhancement procedures is capable of de-
tecting and locating any blades vibrating
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Table 1. Frequency and Damping Table From Analyzer

Mode wn W n c/cr C=wn a
No. in (Hz) in (R/S) % in (Hz) "q (R/S)

1 202.7 1.274 K 1.71 3.466 21.78

2 461.8 2.902 K 1.85 8.543 53.68

3 1.205 K 7.571 K 542M 6.531 41.03

4 2.040 K 12.818 K 215.1M 4.386 27.56

5 2.150 K 13.509 K 107.2M 2.300 14.45

6 2.390 K 15.017 K 75.5M 1.804 11.33

7 2.84 K 17.844 K 172.2M 4.885 30.69

8 4.242 K 26.653 K 118.5M 5.005 31.44

9 4.75 K 29.845 K 40.5M 1.924 12.08
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Table 2. Possible Excitation Sourcesin aTypical HP Turbine

Turbine Construction [Rotational Speed = 60 Hz]

Impulse stage 36 blades Impulse 32 nozzles evenly spaced

Stages 2 thru.5 28 blades Rows 1 thru 4 20 nozzles evenly spaced

Stages 6 thru 10 30 blades Rows 5 thru 9 32 nozzles evenly spaced

Major Excitation Sources

o Nozzle Pass Impulse section = 32/R x 60 = 1920 Hz Sources existing in

o Nozzle Pass Rows 1-4 = 20/R x 60 = 1200 Hz rotating plane

o Nozzle Pass Rows 5-9 = 32/R x 60 = 1920 Hz

o Blade-Pass Impulse = 36/R x 60 = 2160 Hz Sources existing in

o Blade Pass Stages 2-5 = 28/R x 60 = 1680 Hz stationary plane

o Blade Pass Stages 6-10 = 32/R x 60 = 1920 Hz

o Unbalance 1/R x 60 = 60 Hz- Rotating plane

o Misalignment 1 & 2/R x 60 = 120 Hz- Stationary plane

Note: Additional sources exist such as sidebands of nozzle pass frequency
caused by nozzle construction. These frequencies are usually discretely
separated from nozzle pass by multiples of running speed.
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Table 3. Typical Mode Shapes

1. Blade Mode azcL .

a. Circumferential

b. Axial

c. Twisting

d. Combination

2. Disk Wheel Modes

a. Stiff (Rocking)

b. Stiff (Axial) F----

c. Oil can

d. Node

2

4

6

3. Combination Disk & Blade
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Table 4 Actual Modes (Staticlno.PoisiblE xcitation Sources

(Hz) Type of Mode Possible Excitation Source

1 202.7 Blade (Circum) 3/Rev = 180 Hz

2 461.8 Blade (Axial) 8/Rev = 480 Hz

3 1205 Wheel Nozzlenass RQw.
1-4 20/R)= 1200 Hz

4 2040 Wheel 4 node Nozzleoass Bladepass
combination Rows 5-9 (32/R) = 1920 Stg 6-10
Blade Group Impulse (32/R) = 19201 =1920 Hz

5 2150 Wheel Mode -6 node Same as forMode4-

combi nation Plus bladepass impulse

Blade Group 36/R = 2150 Hz

6 2390 Wheel Multinode BladePass_Ipmouse
36/R = 2160 Hz

7 2840 Wheel Multinode NA

8 4242 NA

9 4750 NA
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Table 5. Amplification Factor Variance

Mode 4 Excitation Frequency = 1920 Hz

W n = Natural Frequency = 2040 Hz, with temp. effect 1854 Hz

Damping Ratio f= .00215

Q = Amplification Factor

n % W/Wn

1800 7.3 106.7

1840 11.2 104.3

1880 23.4 102.1

1920 232.5 100

1960 24.8 97.9

2000 12.5 96.0

2040 9.1 94.0

1854 14.3 103.6

Mode 5 Excitation Frequency = 1920 Hz

Wn Natural Frequency = 2150 Hz, with temp effect 1956 Hz

Damping Ratio 7 = .00107

Q = Amplification Factor

W Q % W/Wn

1850 13 103.8

1900 48 101.1

1950 32.2 98.5

2000 12.5 96

2050 8.5 94.5

2100 6.2 91.0

1956 25 98.0

466 100.0

Q1
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CONTRIBUTION TO THE DYNAMIC BEHAVIOUR OF FLEXIBLE MECHANISMS

E. Imam, J. Der Hagopian, M. Lalanne
Institut National des Sciences Appliqu~es

Laboratoire de Mdcanique des Structures - E.R.A. C.N.R.S. 911
Villeurbanne, France

In high speed rotating mechanisms links cannot be taken as perfectly
rigid. In this paper general expressions for kinetic and strain energies
of deformable plane rotating mechanisms are presented. The differential
equations of the system are obtained using finite element techniques. Thenumber of degrees of freedom of the system is reduced by a modal method
and the solution of the system is obtained from a closed form algorithm
taking into account the motion periodicity.

A four bar system was tested.In order to reduce stresses and strains,
damping has been introduced by a viscoelastic sandwich treatment. The
agreement between experimental and theoretical results is satisfactory for
both the damped and undamped system.

INTRODUCTION general equations for flexible mechanisms, 1101.
Mechanisms are commonly used in machinery In 1lj, 1121, 1131, Midha, Erdman, Frohrlb

to drive a specific point along a given path. have given equations for rotating systems and
Until recently angular speeds were low and the presented a general very efficient algorithm to
motion could be well described by considering solve differential systems with periodic coef-rigid links. To day due to the high speed achie- ficients and successfully applied this method
ved it is necessary to take into account link to mechanisms. In 1141, 1151 Nath and Ghost
deformations. The analysis is then performed by have studied the steady state response of rota-
introducing simulteanously kinematic, dynamic ting mechanisms. Alexander and Lawrence 1161,
and elastic aspects of the behaviour (kinetic 1171 and Sutherland 1181 are, to our knowledge,
elasto-dynamics analysis (K.E.D.)). amongst the first to have tested flexible rota-

For the last ten years various studies on ting mechanisms.
K.E.D., generally restricted to mathematical In this paper a general approach of the
aspects, have been performed. Using flexibility dynamic behaviour of plane mechanism is presen-
matrices Winfrey 1I, 121, proposed a numerical ted. At first, kinetic and strain energies
method that uncouples rigid body motion and expressions of a beam rotating in a plane are
strains. Erdman and al. 131 studied a plane given. Using the finite element technique, themechanism considering clamped-free or pinned- various matrices are obtained. The Lagrange's
pinned beams. In 141 Imam and al. analyze the equations are then applied to get the equationsrate of change of frequency as a function of of motion of the systems. The solution of the
the position of the mechanism. Later 15J, Imam equations is obtained by a combination of aand Sandor published a general analytical modal method and of a closed form algorithm
approach. In 161, 171 a modelisation using con- taking into account motion periodicity.
centrated parameters has been proposed. This A four bar mechanism has been built andmodelisatlon has been compared with experiments experimental and finite element results are in
on a slider-crank mechanism 181 the connecting good agreement.
rod is elastic, the crank perfectly rigid and
the agreement between experimental and predicted
results is satisfactory. In 191 the authors have
Included the longitudinal motion in the analysis
of the system presented in 181.

Song and Haug have recently presented
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ANALYTICAL MODELISATION Where

seRo(OXY) is an absolute fixed coordinate oa XA + UO - eOv - eyJr system. XM A x+u ° -ev-oy A  (4)

R(Axy) is a coordinate system fixed to the
undeformed rotating beam. YM = YO + x A + vo + eou + 60x A

a is the angular position of the beam, u The kinetic energy for the element T is
and v are respectively longitudinal and bending e
displace-ments of a representative point,(Fig.1). T L

Te  1 V2dm

SL (5)II

1..= f (X2 + y 2)dx(

M , ' Substituting (4) in (5) gives the kinetic energy

,v . u' eexpression

Te =T 1 + T2 + T3 + T + T (6)

A with,

0 I
3  T, = 1 { pS (u 2 

+ v0
2
) dx

(O-X-Y)002 rL
It (A-x-y) T2 = PS (u

2 
+ V2) dx

T3 = 0
°  pS (uv° - vu°) dx

Fig.1 Rotating beam element. T. = TI + T2 + T3 + T4 + T5 + T6

4 4 4 4 4 4

Kinetic energy 1L
T5 = PS (yxe 0 (O ~

The cross section dimensions of the beam TA = S (xR2  + Ax0)Z + +
may be neglected in comparison of its length L, 10
thus the velocity of a point of the cross sec- 2 + xe°)) dx
tion will be supposed to be equal to the velo- YON + 

2 0 xA(Y x d
city of the point M of the cross section situa-
ted on the beam axis. and

The velocity rj of M will be expressed by L
its components in the rotating system. T' = 80°  pS (y ,u - x~v) dx

= R
+ -= (xA + x + u)T + (YA + v)t (1) T 0

The angular velocity vector of R is : = L
4= 02 pS (xAu + yAv) dx

0RR o (2) 0
0TR 3  

= 0 L

Do ,. =  PS (-yA u ° + XAV° ) d
with a' = -t 0

Then, T ILo2
Then -o R P z 0

2  
LpS xu dx

R= 0

Ax 0uo o A+x+ T5 z x* PS u' dx
=Io .+v' + 0o+ v (3) 4 Aj

00

1-6



L Strain energy

= JIt is obtained from the classical expres-T6 -- PS (y* + x e°)v* dx (8) sin:

L rL
Classical displacement functions are then = El (v) dx + 1 j ES (.LM) dx '17'

used for the finite element modelisatlon : e 7 " ax2  7 0

u(x) = ' - X IU1  = 01(x).ul + i(x).u. Where El, ES are respectively the bending and
iu the longitudinal stlffnesses. With (9) and (10),

(17) becomes:

v(x) = - 3x2 + 2x3 ; x - 2x_ + X3  (1 t (18
L2  L 3 L L2  Ve  6 k 6 (18)

3x 2x* + x. u, (9) Where k is the classical stiffness matrix 1191.
L2  L3 L L2  u5

U6

= t2 (X)U2 + ;)(x)u 3 + 05 (X)U5 + 06(x)u6  System equation

A convenient set of generatized independant

From (9) coordinates U1, -.. U6 is used and

0 ~d = =N6 (10) A0 00 U

IV =10 0 0 0 U
with 6 = 0 0 1 0 0 0 U3  .8.U. (19)

6 = ju1, u2, u3, u4, us, u6 1 (11) 0 0 0 X 4 0 U4

Then 0 0 0 -W X 0 U5

T, = I 6 t m 60 (12) 0 0 0 0 0 1 U6

Where m is the classical mass matrix including Where x = Cos e , u = Sin e

longitudinal and bending motion 1191. Using (19) equations (12), (13), (14), (16),
(18) become :

T2 = - 6 m 6 (13) T1 = . B m B U0 - Ut N U0  (20)

T= - e0 ot C 6 (14) T 2 = 02 Ut Bt m B U = 802 Ut M U (21)

Where c is the antisymetric Corlolis matrix
whose tirms are zero except for: T 3 - -e. UOt 8

t cc B U - - Ut Cc U (22)

- 7PSL r 3S4 C12  C21 -- C42 C24 5P T IF, + F2 + F4it B U + IP3 + P + 6 t B U
0

cpSL2 PL2 (23)
c l = - Cc 1 - C4 3  -Cc34  1 IU t B(2 )(15) Ve kBU-UtKU (24)

cpci - -= L Applying Lagrange's equations

C C1 c" -SL Cc = -"S'L" dc4 = - 1- - 2 - + a'-s ( 5

pS
1 -SC dt aqi aqit~6-C - -c trbtlnofa.leetCaCb6ail btie

T., may be written Where qi are generalized coordinates and Qi are

generalized forces (zero in this case) the con-
T, IF, + F2 + F.jt  +F +s+ 1t 60 tribution of an element can be easily obtained

6 + IF3 + P5 + 61t from (25), (20), (21), (22), (23), and (24).
(16) It must be noted that as the transformation

where F1, F2 , F3, F,, F5, F6 are given in the matrix B is a function of the angular position
appendix. T5 is not taken into account because e, which Is itself a function of the time t,
it only gives rigid body motion, some of the matrices defined above are not cons-

tant.
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The respective contribution of the previous of each short interval are the initial condi-
expressions are : tions of the next interval. The procedure is

d aT4. aTj d continued until the end of the period at which
- = M UL°+ - (M).U °  (26) time, displacement and velocity, are the same

dt Ui aU dt as those at the beginning of the procedure. It
was assumed in this study that the modal solu-

d )2 3T2  tions are in phase which is not necessarily
- -.. . ° MU (27) always the case.

dt 3U au As the closed form algorithm assumes that,
the matrices are constant in the intervals, ma-

d )T,' 3T. trices M, Co, FIt may be neglected. A viscous
-- ; - ....- 2 eo Cc U0 .e 0  Cc U damping matrix C Nas been introduced to take
dt 3U , aU (28) into account the damping of the system and the

d (28following equations have been solvede°-(Cc) u
dt Mq 0° + Cq0 + Kq = FI  (33)

d )T, t The method has been applied to (33) in
-T. - - Bt F,+F 2+F.+F 4 +Fb+F 61 which the degrees of freedom have been reduced

dt U to two by the modal method.

d (29)
+ - (B)t FOUR BAR MECHANISM

dt The mechanism built is presented in Fig.2
and its schematisation in Fig.3.av

e
T K U (30)

where F,., F5. F6 are also given in the appendix,

For the mechanism the set of equations is
then :

Mq- + Cc + M" qO + 1K + Ka + Ca + C°Jq

F F + F (31)

with

M = z M ; Cc = - 2 2 ° Cc c
K =2zK ;K = -2 0 2 M

Ca - "-° Cc ; M° = Z i (M) ; (32)

Cc=- : d (Co) Fig.2 Mechanism

FI =2 F, F11 = - a (B)
t 

1r, 
+ 
F 

+ 
rr1

Solution of the equations

As all matrices and force vectors are func-

tions of time, the differential system cannot
be solved by a simple procedure. In fact a wor-
ka b le so lu t io n c a n be o b ta in e d by : to 0%o, r

Cc and Ca) and the supplementary stiffness
matrix Ka. This simplification is acceptable
when, as in the application described below, be rt

medium speed are considered, .0

- using a numerical closed form algorithm _
which is very efficient to get the periodic
response of a system with variable periodic cha-
racteristics 13. The basic idea is to divide
the period of the motion in short intervals Fig.3 Four bar mechanism schematisation.
during which system characteristics may be
taken as constant. Then, displacement and velo-
city are obtained and their values at the end
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It is made of duralumin whose characteris-
tics are :

p= 2810 kg/m 3  ; E = 7,91.1010 N/m
2

The dimensions of the beams are

DC: L, length =0.2m ; 1, width 0.025 m
h, thickness = 0.003 m ; CB : L = 0.22 m W2

1 =0.025 m ; h = 0.003 m.

The beam BA has been made of two identical 0 a ".
beams to ensure planar motion. Characteristics
of the equivalent beam are : 0 2 3

L = 0.09 m ; 1 = 0.02 m ; h = 0.003 m Fig.5 : Modal viscous damping coefficient

versus e2.

Mechanism at rest Mechanism in rotation

In a first step the mechanism was tested Mechanism deformations were measured using
and calculated for different values of the crank strain gages mounted on the links. Signals given
angle 02. The system was modelled by 13 elements by one of the follower gages (Flg.3) for three
(AB : 3, BC : 5, CD : 5). In Fig.4 the variation speeds (500, 550, 600 rpm) are presented Fig.6-
of the five first frequencies versus 62 are pre- 11 for both the damped and andamped case. Strains
sented. The agreement between theory and experi- are given as a function of the crank angle 62.
ment is seen to be satisfactory further the first The agreement between experiment and theory is
two frequencies are observed to be the most sen- satisfactory. For the damped mechanism the
sitive. agreement is not as good, as the equivalent vis-

cous damping measured at rest underestimates
70 Fs , -the damping value at speed, probably because of

- -. . - friction at the connecting points.

S .. CONCLUSION-SUGGESTIONS

--W. General expressions for kinetic and strain
F, esp .. und pd energies of deformable plane rotating mechanisms

2 *zp doe F3  have been presented. Using simplifying assump-zw tions the finite element technique and a numeri-

cal closed form algorithmhave been used and the
agreement between experiment and theory for a
four bar mechanism is satisfactory. It has been
observed that the introduction of viscoelastic

100 material could significantly reduce vibration
amplitudes.

In high speed applications the entire set
of expressions (31) which include periodic coef-

o* __ _ __ |2(0_) ficients in some of the matrices should be taken
into account. Clearly this problems is of a

0 n 300 30 different order of magnitude. Further the entire
energy dissipation problem is still to be solved.

Fig.4 : Frequencies versus angular position e2
APPENDIX

Experiments have also been run at rest with - e0yo e 2xA
the mechanism damped by a viscoelastic sandwich

treatment consisting of a 3 M composite (0.1 mm 6Ox0 e2y

glue, 0.2 mm duralumin) glued on the both sides A L A

of both crank and follower. Resonance frequencies L 60 0 - L 60A
were measured and it was noted that F1 , F2 , F3  F =RL r A F2 = -

were very close to the corresponding values of -0yO eo2xA
the undamped mechanism (Fg.4). The Influence of A A

the added material on mass and stiffness is ex0 02yA
therefore neglected. The first tree equivalent A 60

modal damping factors of the system ;1', L B3 L e " 2YA
have been measured in order to appreciate the
damping of the structure when it rotates Fig.5.
They have been obtained from A -3 db bandwlth
measurement.
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SELF-EXCITED VIBRATION OF A NONLINEAR

SYSTEM WITH RANDOM PARAMETERS

Raouf A. Ibrahim
Assistant Professor

Department of Mechanical Engineering
Texas Tech University
Lubbock, Texas 79409

This paper deals with the dynamic behavior of a non-
linear single degree-of-freedom system with negative
linear damping and subjected to broad band random exci-
tations. The system response is analyzed by using two
different approaches: the Stratonovich stochastic
averaging method, and the Ito stochastic calculus
together with the Gaussian closure. Closed-form solu-
tions of the stationary responses are obtained. It is
shown that the two methods provide solutions which
bifurcate from two different points for all the cases
considered except at one point where the parametric
excitations and the nonlinear restoring force are
removed. It is concluded in this analysis that the
Gaussian closure may be regarded as a linearization
technique.

The nontrivial stationary response suggests that the
system can achieve a stable limit cycle provided a
positive nonlinear damping is included. Unlike the
Gaussian approximation, the influence of the nonlinear
restoring force is not manifested in the averaging
method results.

1. INTRODUCTION tion with forced vibration [21 and
with parametric vibration [31. In

Simultaneous occurrence of these studies, it was shown that the
self-excited and random parametric inclusion of nonlinear damping force
vibrations may be encountered in causes the system to reach a limit
several structural systems, such as cycle for which the stability "in the
machine tools and water-lubricated large" was the main concern of these
bearings. These types of vibra- studies. It was also indicated that
tions are not desirable and may for systems with a nonlinear
endanger the safe operation and restoring force, the response is
reliability of mechanical systems. manifested in the phase plane as an
It is the purpose of this paper to unstable limit cycle which separates
investigate the dynamic response the regions of the domains of attrac-

* and stability of such structural tion. The domains of attraction are
systems. those boundaries between the regions

of initial conditions leading to dif-
The dynamic behavior of non- ferent steady stable solutions.

linear systems, including sources
of self-excited vibrations, is In most cases, however, the
investigated in depth by Tondl [1). actual time variation in damping or
In two other monographs, Tondl exa- in stiffness parameters is not
mined the deterministic problems of periodic. In order to obtain a more
interaction of self-excited vibra- realistic description of the behavior
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of such systems, these parametric system is found to be capable of
excitations should be modeled by ran- achieving a stable limit cycle.
dom processes. In an effort towards
that regard, several investigators
considered a number of problems per- 2. STOCHASTIC DIFFERENTIAL EQUATIONS
taining to parametric and autopara- OF THE SYSTEM
metric systems under stochastic
excitations (see, for example, the The dynamic behavior of a nonli-
two review articles [4,51). near single degree-of-freedom system
Recently, the author has investigated as described in the introduction can
the random parametric excitation of a be modeled by the dimensionless dif-
nonlinear single degree-of-freedom ferential equation:
system with positive linear damping
[6,7]. The statistical moment 9

equations of the system response were [2(
obtained by using two approaches:
the Fokker-Planck equation [61 and 2
the Ito stochastic calculus [71. The + [l+YX -_W2(T)IX - 0
two approaches led to the same set of
moment equations, which were found to
form an infinite hierarchy set. A where X is the displacement, ; is the
number of trunction schemes have been damping ratio of the negative damping
used in the past as closure approxi- force, B is the coefficient of posi-
mation for this type of equations. tive nonlinear damping, and y is the
These schemes are usually based on coefficient of the nonlinear stiff-
the assumption that the probability ness. 11(T) and W2(t) are indepen-
distribution of the response is dent, "physical," broad band random
"nearly" Gaussian. With this assump- processes describing the time
tion, higher order moments are variation in damping and stiffness
related to lower order moments coefficients. respectively. These
through one of the schemes discussed parametric excitations are assumed to
in reference [5]. These approximate have zero means and stationary
methods have no rigorous mathematical Gaussian distributions with smooth
basis, but satisfactory results have spectral densities D1 and D2 , such
been obtained [4]. On the other that their correlation time is very
hand, the methods may lead to invalid small compared with the time scale of
solutions which do not preserve the system oscillations.
moments properties (6], or they may
not depict the proper nonlinear beha- The response parameters of the
vior of the system [8,9]. Ariaratnam system (1) can be regarded as effec-
[91 has shown that the stationary tively Markovian if the two processes
response of a nonlinear system bifur- 1I(T) and 12(T) are approximated as
cates from a point different from the white noise processes in the physical
one obtained by the Gaussian closure. sense interpreted by Gray and Caughey

[10]. Accordingly, equation (1) may
In this paper the stationary be written in the state vector form,

response of a nonlinear system con- with X1 - X, and X1 - X2:
taining a source of self-excited
vibration, and subjected to wide band
random parametric excitations is ana-
lyzed. Two analytical approaches 1 2
will be considered: the Stratonovich
stochastic averaging, and the It16 (2 2 3 (2)
stochastic calculus together with the 2 (2CX2 -X 1 -OX1 X2-YX ) )
Gaussian closure of the moment
equations of the system response. + X W
Comparison of the results obtained
from the two methods reveals a number
of differences in addition to those
found by Ariaratnam [9]. It is found It is customary to regard WI(T)
that the moment equations derived by and W2(T) as the "formal" derivatives
the averaging method do not involve of the Brownian motion processes as:
the effects of the nonlinear
restoring force, although the moment
equations become identical if one
removes that force from the system
equation. With the inclusion of a
positive nonlinear damping force, the
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dBl(0) obtained when the random excitation
- al d, ( appears as the coefficient of the

(3) next to highest derivative in the
dB 2(T )  differential equation [14-163. The

0 It6 stochastic equations of the
2( ')  -°2 dT system may be written in the form:

where dBI(T) and dB 2 (T) are two inde-
pendent Brownian motion processes dX 1 . X2dT
with unit variance parameters, and
-- =2 a1X2-BX1X 2-yX1)dta and a2 are the spectral densities dX2  (20X 2 -Xl+ 2

where a 2= 2D 1 , and 2 =22D 22 It is + OX dBl(T) (7)
01 02 22  121

assumed that WI(T) and W2(0) have + o2 X dB2 (r)
zero cross correlation. It is con-
venient to rewrite equations (2) in
terms of the differentials:

The stationary response of the
dX 1 = X2 dT system will be determined by con-

sidering equations (4) and (7).
2 3

dX 2 - (2c X2-XI-OXI2X 2-YXI3)dl (4)
2 1 1  3. STRATONOVICH AVERAGING APPROACH

+ o1X2 dB1 (T) + o2 XIdB2 (T) In order to apply the
Stratonovich averaging method, the
system equations (4) are considered.

Since Wi(t) and 2() represent The method requires the introduction
the limiting case of smooth, wide- of new variables describing the

band processes, the system equations amplitude and the phase as:

(4) should be interpreted as

stochastic differential equations of X1 = Acos
Stratonovich type corresponding to
the general form (11,121: X2 - - Asine , (8)

dX( f(,T)dT e = +(T)

N
+ JEl Gij(Xj,)dei(r), Equations (4) become:

i-l-,2,...,n dA - (2CAsine-BA3cos2esine

Equations (4) may in turn be -A3cos30)sinedT
transformed into stochastic equations
of the Ito type: + alAsin 2 edBl(,)

dXi - [f i (IT) - o2AsinecosGdB2()

+ i N ]dT (6) (9)

N 
do - (2esine-0A 2cos2 esine+ E (1,-r)dB (.0

JMl GijX d r- yA2cos3o)cosed

Comparison of the system 
alsin~cos~dl(r)

equations (4) with Ito's equation - *2cos2edB2(T)
(6) reveals that, for the system con-
sidered, the Ito correction term,
which is sometimes known as the Wong A and 0 may also be approximated by a
and Zakai correction term [131, Is vector-Markov process. Carrying out
I 2 X Such a correction term is the stochastic averaging of

Stratonovich [7 to equations (9),

the following Itl equations are
obtained:
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dA 1 23 2 A The mean and mean square of the16 1 2d8 response amplitude A are:

+ (2)1/2 0 AdB() -n]= ~*~28+ ()/°dI(1 E[A) - 2-n[I-(3Dl

- (1)1/ 2 o2AdB2 () (14)(10) + D2 )1
/ 2 r(2n)/r 2 (n)

A2 2 1
do = -(0-3y) dT E[A 2] = 1 (4+D+D2 ) (15)

+ (.1)1/20ldBl(T)

)1/2, For the case D1=0, the mean
- ( 2 dB 2 (T) square (15) becomes identical to that

obtained by Schmidt 181 and
Ariaratnam [91 if c is replaced by

Since the first equation in (10) -;. For the purpose of comparison

is independent of the phase 0, the with the results of the next section,

amplitude A(T) constitutes a Markov the differential equation of the

diffusion process by itself [8,9]. second moment of p(A) is derived from
The probability density function the Fokker-Planck equation (11) as:

p(AT) should satisfy the
Fokker-Planck equation: d E[A2 1 (2+2D +D2)E[A21 (16)

22 Ht[ 2~2 1 D[ 1 (16
3 3A ( 1(5D+3D2 )+C -E[A 4 1

-A 2Ap] + .1 (3D +D2 ) 
(114

It is seen that the above results
a (A 2 are independent of y. Figure (1)3A shows the mean and the root mean

square of the amplitude A as function
of the excitation spectral density of

Here D1 2 is set to zero since it ha damping variation (D1 /2;) with D2 -0.
as It is clear that these amplitude

been assumed that both random excita- parameters are monotonically
tions are uncorrelated. It is not para s aie monotontmly
possible to obtain a closed-form ana- X1, the mean square of X.,
lytical solution for the transition t
probability of equation (11). X , m -E[X 1, is illustrated in
However, one can obtain a stationary 1 20
solution by setting the left-hand figures (2) and (3) by solid lines.
side of equation (11) to zero, as:

CA 2n-1.e
- D A 2  (1) 4. GAUSSIAN CLOSURE OF MOMENTEQUATIONS

where 4.1 Dynamic Moment Equations

A set of differential equations
cin (n)[ l n of the response joint moments of the

2(3Dl+D2 ) probability density function p(X,T)
can be derived by using the method of

D - 2 (3D1 +D2 )
- 1  (13) stochastic calculus [12] which

( 1 2)requires the introduction of the

scalar-valued real function:

n - (D 1 +D2 +4C)/(3DI+D2 )

. - (XkX 1 (17)

and the joint moment of the system
response of order N=k+4

18s



<A> IIII!

0 20 52 1 1

161

14

12

10 2 2

6

4

2

0 2 4. 6 8 10 12 14 16 0 2

FIG (1) Mean and Root-Vean-Square of the Amplitude as Function of the Excitation
Spectral Density According to Stratonovich Averaging Method

k E[XkX E(01 Equation (20) represents a system
(18) of linear first order differential

equations of the system moments
= x2P(kxp,)dXldX2  response. Inspection of equation

(20) shows that the inclusion of
damping and stiffness nonlinearities
causes the system (20) to form anThe two-dimensional process func- infinite hierarchy of moment

tion 4 possesses a stochastic dif- equations. This, of course, creates
ferential, and according to the Ito serious difficulties in determining
theorem, d4 takes the form [12): the system response or stability cri-

teria "in the large." In order to

T obtain solutions for a finite set of
d* = {a-- {dX i  moments, equation (20) must be trun-°i cated. Most of the available closure

schemes 151 assume Gaussian distribu-
1/2 Trace Ia tion of the response joint moments.

/ e G]Q[G]Ta ax]dT This is valid for linear systems

described by differential equations
with constant coefficients. On the
contrary, for linear systems under

where rQdr] = E({dBi)(dBiTJ parametric excitations as well as
nonlinear systems, it is known that

Substituting the corresponding the response is not Gaussian distri-
expressions of [G], [QdT] from buted if the excitation is Gaussian.
equations (7) into equation (19), However, for systems with very small
then taking expectation and dividing nonlinearities, the joint distribu-
both sides by dr gives: tion functions of the response may

f 2 kmknot deviate significantly from
k"- 1 +1 j+2 1 "',L- +1,+1-- Gaussian form. The validity of such

approximation must be examined by
comparison with the exact solution or
with experimental results. In this

(20) paper the first alternative will be
+tDlmkl+DL(-l)mk, followed.

+D 2&('-1)mk+2,1_
2
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4.2 Stationary Responses 4.2.1 Null Solution

The stationary responses of the It is seen that equation (24) are
system may be described adequately in satisfied by the trivial solution:
terms of first and second moments
because higher moments have no physi- mlO - m20 - m02 - 0 (25)
cal meaning and the physical
interpretation of higher moments sta- This solution describes the
bility would be difficult. The first equilibrium position of the system
moment equation can be written and can be obtained from the linear
directly from equation (20) by theory. The stability "in the small"
setting k-l, L-0, and k-0,1-l: in terms of first and second moments

;. 0can be determined by employing the

in 0 =m01 Routh-Hurwitz criteria. Introducing

(21) small perturbations 
6 kX to the null

solution, the following stability
0 2cml-m1 0 -8m 2 1 -Ym 3 0 Dlm0 1  criteria are obtained:

Similarly, the second order i. Stability of the first moments

moment equations are: can be determined by examining the

ioet equations20 am 31associated characteristic equation:
ml= m0 2+2¢mll-nm20-Sm3 1

412-(2 D1) 1 = 0 (26)

Equation (26) indicates that the

i 2 0 = 2m 1 1  
(22) system is unstable in the mean.

S2ii. Stability of the second moments
i 0 2 = 02-22Dl202 can also be obtained from the charac-

teristic equation:

+ 2D2 n20 -2ym 3 1

13_ 6+D) 2 +4c2 +C D2+k
The stationary solutions of 1()2+4(¢2+3CDI D1 I) (27)

equations (21) and (22) may be

obtained by setting the left-hand -4(24 D2+2D 1 ) 
= 0

side of these equations to zero. The2

first equation in (21) and the second It is obvious that the system is
Sequation in (22) give: unstable in the mean square.

mo1 = mil - 0 (23)

This result indicates that the 4.2.2 Zero Mean Solution

displacement and velocity of the Equations (24) give the following
system are uncorrelated. To complete
the solution, the third and fourth semi-trivial solution:

order moments in equations (21) and
(22) will be replaced by first and Ml0 0 mll - 0

second order moments by using the
cumulant truncation scheme [5]. This i D (8

process will result in the following 20 1 (28)
algebraic equations:

2.2+ D 2 1/2)
mlo(l+3ym 20 -2ym 1 0 ) -0 + (1+ - 3y4

0 m 3ym 2 +2yin4 M 0 (24) m02 - m20(i+3lm2o)m02- 20-3 20+210l

The dependence of the mean square

2 20 0 + 2 2 0 of the displacement m20 upon the

02 -n 2 0 m0 2 + 1M02+ 2 20 ' excitation parameter D2/24 is shown
by the dotted curves in figures (2)

Three possible solutions of (24) and (3), for the two values of
will be examined. n1/24 - 0,2, and for three values of

y - 0.01, 0.05 and 0.1. It is seen
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that m20 is diminishing as the Inspecting the coefficients bi for
nonlinear restoring force parameter particular values of the solution
is increasing. The influence of the (28) yields positive values.
nonlinear parameters y and B are exa- Furthermore, the minor determinants
mined separately: of the Routh-Hurwitz array are found

i. For Y - 0 and B 0, the solu- positive. This result indicates that
tion o (4 becomes: 0, sthe solution (28) is stable "in thetion of (24) becomes: large." It also suggests the

existence of a stable limit cycle
M 20 - m 02 (2c+2D1 +D 2 ) (29) provided the system possesses a posi-

tive nonlinear damping. This result

This solution is represented by confirms Tondl's findings for a simi-

the dotted straight lines in figures lar deterministic system 131.

(2) and (3). 4.2.3 Nonzero Mean Displacement

ii. For B = 0 and y 0 0 equations Solution
(24) give the solution:

For the case of mlo 0 0,
(2€+2D1 +D 2 ) equations (24) indicate that M1 0 is
M ( -D- ) I coupled with the second moments. The

20 6y(C+D1) solution of these coupled equations(30) is:

i 0 2 = m 2 0 (1+3ym 20 ) 1 1/2

This solution is invalid since it 2 m20 )(34)
gives negative mean squares. The 1 2
invalidity of this solution may be m 2  - (1 + 4m 2 0 +3ym2 0 )
attributed to a number of sources; 2

these could be the inaccuracy and m20 is given by the solution of
incurred by using the Gaussian clo- the cubic equation:
sure scheme, or the system may not
be able to reach a stationary 3 2
response. This point will be + !(
discussed In detail in section 5.

The stability "in the large" of +1 + (35)
the mean squares can be examined in Y

the neighborhood of the stationary
solution (28). Introducing small 2 ( D + C )

-
perturbations 6kt to that solution 3y 2 1

as:

It is clear that this solution
0 k e violates the moments properties since

S= inkt+ 6kte (31) it gives negative mean squares. It

3 2 is also noticed from equations (24)
A +b 2 A +blA+b o - 0 (32) that the coupling between the first

and second order moments depends on

where the presence of the nonlinear
restoring force.

2 5Bm 0 -6-5D1  5. DISCUSSION OF RESULTS AND

CONCLUSIONS
b 2(2+2D1-m2 0 )(2+Dl-3Bm20 ) Figures (2) and (3) illustrate

the stationary mean square response
+ 2(2+7ym20) (33) of the displacement m20 as obtained

by the averaging method (solid lines)
and the Gaussian approximation scheme

- 4[ Cm0 2 +(l+6mM0 )  (dotted curves). Comparison of the
results of the two approaches can be
carried out by dr2pping the nonlinear

(Bm20 -2c-2D 1 )-D2J stiffness term yXJ from the system
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equation (1). It is seen that the properties of the parametric excita-
two methods give different results, tions, the Gaussian approximation
except at one point D2 /2i=D1 /2 -0, leads to zero means of the response.
shown in figure (2). The mean square On the other hand, the averaging
m2o of the Gaussian approximation is method gives a finite value for the
almost twice the result of the mean amplitude response, equation
averaging process. This difference (14), although the result would agree
may be due to mainly the closure with the Gaussian closure if one con-
approximation of replacing higher sidered the mean m1 - E[Acose]. It
order moments by first and second is also seen that the result obtained
moments. A similar situation was by the averaging method is indepen-
first noticed by Ariaratnam [8,9]. dent of y. In connection with the
Previous studies [18,191 of linear effect of y alone, the averaging
systems, with positive linear damping method fails to give a closed form
and excited parametrically by the solution and the Gaussian approxima-
white noise W2(T), have shown that tion gives invalid results.
such systems are stable in the mean Stability study of the stationary
square if the condition D2 /2c(l is response, as obtained by the Gaussian
met. On the other hand, when the closure, shows that the inclusion of
same system includes a nonlinear a positive nonlinear damping is
damping force, the averaging leads to essential to guarantee a stable limit
the condition D2 /2C(2, [91, while the cycle; otherwise, the system is
Gaussian approximation gives a result unstable "in the large."
identical to that of the linear
theory [6]. The Gaussian closure can The author strongly recommends
then be regarded as a linearization experimental investigations to
procedure of the nonlinear system. establish the validity of the analy-
Therefore, one may conclude that the tical results presented in this
closure techniques based on Gaussian paper.
distribution of the response may
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